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CONVERSION  FACTORS,  NON-Sl  TO  SI  (METRIC) 
UNITS  OF  MEASUREMENT 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI 
(metric)  units  as  follows; 


_ Multiply 

degrees  (angle) 

feet 

inches 

pounds  (force) 


_ BZ— 

0.01745329 

0.3048 

23.4 

4.448222 


radians 
metres 
mill  imc^tres 
newtons 
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IMPACTS  AS  A  SOURCE  OF  ACOUSTIC  PULSE- ECHO  ENERGY  FOR 
NONDESTRUCTIVE  TESTING  OF  CONCRETE  STRUCTURES 


PART  I:  INTRODUCTION 

BackEround 

1.  The  construction  industry  lags  behind  some  of  the  other  industries 
in  the  development  of  nondestructive  testing  (NDT)  systems  for  one  of  its 
primary  materials,  concrete.  No  ultrasonic  pulse-echo  (UPE)  system  exists 
that  will  permit  measurements  to  be  made  deep  within  a  structure.  Stress 
waves  techniques  are  needed  to  probe  the  hidden  features  of  concrete 
structures  to  make  their  interior  characteristics  and  condition  ^'isible. 

2.  Traditionally,  to  determine  the  integrity  of  concrete  structures 
nondestructively  by  stress  waves,  diagnosticians  have  listened  to  the  auditory 
response  of  the  concrete  both  to  an  impact  with  a  hammer  and  by  dragging  a  log 
chain  across  the  structure.  A  clear  ringing  sound  is  heard  when  a  chain  is 
dragged  or  a  steel  rod  or  hammer  is  tapped  over  nondelaminated  concrete 
(American  Society  for  Testing  and  Materials  (ASTM)  1992).  This  is  the  method 
of  aSTM  D  4580  as  illustrated  in  Figure  1.  A  dull  or  hollow  sound  occurs  when 
dragging  or  capping  on  delaminated  concrete.  Impacts  might  have  greater 
potential  for  flaw  detection  and  deterioration  measurements  in  concrete  if  the 
energy  level  and  frequency  content  of  the  complicated  waveforms  generated  by 
these  impacts  and  reflected  from  the  concrete  interfaces  could  be  classified 
in  clear  scientific  terminology.  If  the  auditory  response  could  be  replaced 
with  a  transducer  and  electronic  display,  they  would  better  perform  the 
"listening"  and  would  provide  quantitative  data  for  analysis. 

Shortcomings  of  Piezoelectrics 

3.  For  reasons  of  repeatability  and  the  advantages  of  electronic 
operation,  it  is  desirable  to  use  piezoelectric  materials  to  generate  and 
detect  the  stress  wave  energy  needed  to  interrogate  the  quality  of  materials. 
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However,  piezoelectrics  have  shortcomings  at  the  frequencies  necessary  for 
operation  in  concrete.  Due  to  the  large  grain  size  from  coarse  aggregates  in 
the  concrete,  concrete  flaw  detection  measurements  require  operation  at  a 
frequency  of  200  kHz  or  less  (Jones  1953).  Otherwise,  the  concrete  will  not 
appear  homogeneous  to  the  stress  wave,  and  excessive  scattering  will  result, 
Figure  2.  (This  obviously  places  a  lower  limit  on  the  size  of  the  defect  that 
can  be  detected.)  The  problem  is  that  200  kHz  is  on  the  low-frequency  side  of 
efficient  piezoelectric  operation.  The  stress  level  generated  from  a 
piezoelectric  element  is  directly  proportional  to  the  square  of  the  frequency; 
therefore,  piezoelectric  materials  do  not  perform  well  in  the  kiloHertz  range 
required  for  proper  operation  in  concrete.  Impacts  generate  high  energy  at 
low  frequencies  and,  therefore,  appear  especially  useful  as  a  source  of  low- 
frequency  energy  for  pulse -echo  measurements  in  concrete. 

4.  Piezoelectric  transmitters  that  operate  at  low  frequencies  have  an 
excessive  ring-time  and,  hence,  pulse  length  for  proper  operation  in  concrete. 
Jones  (1962)  reports  that  due  to  the  difficulty  of  damping  low-frequency 
piezoelectric  transducers  (100  kHz),  it  is  impossible  to  operate  a  common 
transmitter- receiver  system  to  perform  ultrasonic  pulse-echo  measurements  in 
concrete  as  is  so  common  with  high-frequency  pulse-echo  measurements  on 
metals.  Even  if  the  transmitter  ringdown  could  be  reduced  to  as  low  as  five 
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Figure  2.  Wavelength  must  be  equal  to  or  larger 
than  dimensions  of  coarse  aggregate  for  material 
to  appear  homogeneous  to  stress  wave 

cycles,  the  pulse  length  in  the  concrete  would  be  about  7  in.*  for  a 
transducer  operating  at  a  resonant  frequency  of  100  kHz.  Since  five  cycles  is 
equivalent  to  five  wavelengths  in  thi  concrete,  then 

X  =  ^  (1) 

f 

X  =  ■■^5,000  (2) 

100,000 

X  =  0.15  ft  (3) 

where 

A  =  wavelength,  feet 

V  =  ultrasonic  pulse  velocity  in  concrete, 
feet/second 

f  =»  transducer  frequency,  hertz 

the  pulse  length  would  be  0.75  ft  (5A).  This  means  that  the  resolution 
obtained  from  a  thickness  measurement  on  concrete  pavement  or  floor  slab  (less 
than  10  in.  thick)  would  be  poor.  The  resolution  would  be  even  worse  for 
detecting  discontinuities  a  few  inches  from  the  top  surface  than  it  would  be 
for  detecting  the  back  surface  (thickness  measurement) .  As  a  minimum,  the 
pulse  length  should  be  no  longer  than  10  percent  of  the  travel  path  (the 
travel  path  is  twice  the  thickness)  to  obtain  proper  resolution.  The  pulse 
length  at  100  kHz  for  a  ring- time  of  five  cycles  is  simply  too  large  a 
percentage  of  the  total  travel  path  for  the  low  frequencies  that  concrete 


A  table  of  factors  for  converting  non-SI  units  of  measurement  to  SI 
(metric)  units  is  presented  on  page  9. 
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requires  for  proper  resolution.  With  impacts,  however,  this  pulse  length  can 
be  controlled. 


5.  Although  the  author  developed  an  ultrasonic  pitch-catch  system  using 
piezoelectrics  that  had  a  short  ring-time  of  about  three  cycles,  the  output  of 
the  piezoelectrics  did  not  enable  a  penetration  depth  greater  than  1  ft 
(Thornton  and  Alexander  1987).  A  thickness  measurement  through  9  in.  of 
concrete  is  illustrated  in  Figure  3.  Because  of  the  difficulty  in  developing 
a  damped  piezoelectric  transmitter  having  a  short  pulse  length  and  in  addition 
maintaining  sufficient  power  output  to  penetrate  the  concrete,  it  seems 
promising  to  introduce  the  energy  into  the  concrete  by  impact  with  a  hammer. 
Previous  tests  with  impact  measurements  on  concrete  piles  (Alexander  1980) 
revealed  the  presence  of  high-level  sonic  energy  and  also  lower- level 
ultrasonic  energy.  Because  an  impact  does  not  ring  (shape  of  pulse  resembles 
a  half  sine  wave  rather  than  a  damped  sinusoid  from  a  piezoelectric)  and  Che 
pulse  length  and  intensity  can  be  controlled  by  the  characteristics  of  the 
hammer,  the  hammer  offers  a  suitable  choice  for  use  as  a  source  of  stress  wave 
energy  for  use  on  concrete. 


Advantages  of  Impacts 


6.  Ocher  advantages  of  impacts  are  the  quickness,  convenience,  and 
simplicity  of  the  measurement  operation.  A  small  contact  area  on  the  concrete 
surface  from  a  hammer  impact  makes  it  unnecessary  to  grind  the  surface  for 
smoothness  and  flatness.  Physical  experience  teaches  us  that  hammers  are 
unmatched  when  it  comes  to  introducing  significant  amounts  of  energy  into  a 
concrete  structure  to  break  up  its  composition.  Concrete  is  highly  resistant 
to  destruction,  but  one  can  do  that  very  thing  with  a  jackhammer.  If  one 
desires  to  drill  a  hole  in  concrete,  he  can  best  do  it  with  an  impact  drill. 
Hammers  can  develop  such  sharp  and  intense  impacts  that  the  energy  produced  in 
a  very  short  time  frame  is  considerable.  Also  by  varying  the  dimensions, 
hardness,  and  mass  of  the  hammer  head,  the  frequency  content  of  the  stress 
pulse  can  be  chosen.  It  is  a  proven  and  common  technique  to  use  impacts, 
usually  explosives,  to  make  seismic  refraction  explorations  in  the  earth  for 
engineering  site  investigations  (Redpath  1973).  Figure  A  illustrate.s  an 
example  of  the  high  energy  available  from  impacts  at  low  frequencies. 


13 


TIME  -  MICROSECONDS 


Figure  3.  Lead-metaniobate  wideband  transducer  with  reduced 
ring- time  of  about  three  cycles  at  center  frequency  of 
200  kHz.  The  large  amplitude  pulse  arriving  at  100  /isec  is 
an  echo  from  the  back  surface  of  a  9- in. -thick  concrete  slab 


Figure  4.  The  use  of  impacts  to  generate  high  levels 
of  stress  wave  energy  is  important  for  geotechnical 
applications .  The  seismic  refraction  technique  is 
used  for  engineering  site  evaluations  and  oil 

exploration 


Disadvantages  of  Impacts 


7.  The  use  of  impacts  makes  it  necessary  that  electrical  filtering  be 
used.  Since  the  radiation  of  the  energy  from  an  impact  consists  of  (a)  a  bt-aiii 
of  energy  having  a  wide  angle  of  divergence  with  little  directionality  and 

(b)  a  wide  band  of  frequencies,  numerous  modes  of  vibration  are  excited  in  the 
concrete  structure  and  in  the  crystal  detector.  Because  all  modes  other  than 
the  desired  longitudinal  mode  in  the  concrete  are  noise  for  all  practical 
purposes,  electrical  filtering  and  other  signal  processing  techniques  will  be 
required  to  eliminate  or  attenuate  the  extraneous  energy.  Figure  5 
illustrates  the  generation  of  undesired  modes  as  well  as  the  desired  refracted 
and  reflected  longitudinal  wave  when  the  rays  of  ultrasonic  energy  are  not 
normal  to  the  surface  of  the  concrete. 

8.  The  pattern  of  energy  emanating  from  the  impact  area  has  a  wide 
angle  of  divergence,  and,  as  a  result,  the  beam  pattern  lacks  directivity. 

This  indicates  that  (a)  the  energy  density  that  irradiates  a  reflecting 
interface  is  small  and  will  return  a  weak  echo  and  (b)  the  detected  echoes  may 
not  come  directly  from  below  the  receiver  transducer  as  would  be  desirable  to 
accurately  locate  the  source  of  the  interface  or  discontinuity.  Figures  6 
and  7  illustrate  the  sound  profile  of  a  point  source  and  a  plane  source. 

9.  One  cannot  continuously  display  impact  signals  on  nonstorage  analog 
oscilloscopes  since  they  are  one-shot  rather  than  repetitive  events.  Also, 
the  hammer  cannot  be  swung  at  a  rapid  enough  and  uniform  rate  to  maintain  a 
continuous  display  on  the  oscilloscope  screen  as  can  be  done  with 
piezoelectric  transducers.  By  using  a  digital  oscilloscope  or  similar 
recording  device  having  storage  capability,  rather  than  the  traditional  analog 
oscilloscope  which  does  not,  the  necessity  of  requiring  a  series  of  impacts  to 
maintain  a  visible  trace  on  the  oscilloscope  screen  can  be  eliminated.  One 
impact  is  sufficient  to  capture  the  data.  However,  it  may  be  useful  to 
average  a  number  of  measurements  from  a  series  of  impacts  in  order  to 
eliminate  random  noise. 

10.  The  level  of  stress  generated  from  a  hammer  is  not  repeatable  from 
one  impact  to  the  next.  However,  a  changing  stress  amplitude  (within  certain 
bounds)  is  not  an  important  consideration  because  pulse-echo  measurement. s  are 
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Figure  5.  Problem  of  mode  conversion  and 
presence  of  spurious  waves  when  incident 
longitudinal  wave  is  not  normal  to  target 
surface 


Figure  6.  A  small-diameter  source  relative  to  the 
wavelength  generates  a  spherical  wave  with  consid¬ 
erable  mode  conversion  which  complicates  an  ultra¬ 
sonic  pulse-echo  measurement 
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Figure  7.  A  large -diameter  source  generates  a  plane 
wave  v/ithout  mode  conversion  and  simplifies  ultra¬ 
sonic  pulse -echo  measurements 

primarily  based  on  the  measurement  of  time -of -arrival  (TOA)  and  the 
time-separation  of  echo  signals. 
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^'RT  II;  THEORETICAL  CONSIDERATIONS' 

General  Signal  Charac  tt^L  i  s t  ics 

11.  One  Important  aspect  in  understanding  ultrasonic  pulsi-echo 
measurements  using  impacts  is  a  knowledge  of  the  frequency  characteristics  of 
various  continuous  waves  and  transient  signals.  Any  signal  can  be  represented 
by  the  sum  of  individual  sine  waves  having  various  frequencies,  amplitudes, 
and  phases.  A  pure  tone  is  a  sinusoidal  wave  of  infinite  duration,  and  its 
representation  in  the  frequency  domain  is  a  single  spectral  line  at  the 
frequency,  F  =  1/T  ,  where  T  is  the  period  of  the  sinusoidal  wave.  In 
Figure  8,  a  complex  harmonic  tone  is  made  up  of  the  sum  of  the  fundamental 
frequency  and  the  second  harmonic.  This  is  a  signal  of  infinite  duration 
(continuous  wave)  although  represented  in  an  abbreviated  form. 

12.  There  are  two  important  ways- to  view  or  picture  information  in  a 
signal  as  shown  in  Figure  9;  the  time  domain  and  the  frequency  domain.  A 
general  principle  observed  is  that  signals  which  are  broad  in  one  domain  are 
narrow  in  the  other  domain.  The  sinusoidal  signals  are  continuous  (broad)  in 
the  time  domain,  but  the  resulting  frequency  spectrum  has  discrete  (narrow) 
lines  at  the  frequency  where  the  energy  exists.  Figures  9b  and  9c  illustrate 
the  two  views  of  a  signal:  a  signal  in  the  time  domain  consisting  of  the  sum 
of  a  fundamental  frequency  and  Che  second  harmonic  and  two  narrow  spectral 
lines  in  the  frequency  domain  representing  the  two  sine  wave  com^ionents  making 
up  the  complex  harmonic  tone  in  the  time  domain. 

13.  Figure  10  shows  (a)  one  sine  wave  of  continuous  duration,  (b)  one 
square  wave  signal  of  continuous  duration,  and  (c  and  d)  two  transient 
signals,  a  damped  and  a  highly  damped  sinusoid,  of  finite  duration  (Hewlett- 
Packard  1981).  As  mentioned,  the  sine  wave  and  square  wave  of  continuous 
duration  have  spectra  of  energy  that  exist  at  discrete  frequencies  which  are 
represented  by  narrow  vertical  lines  of  various  amplitude.  The  energy  of  a 
continuous  sine  wave  exists  only  at  one  discrete  frequency.  The  energy  of  a 
continuous  square  wave  exists  only  at  the  discrete  harmonic  frequencies.  How¬ 
ever,  the  opposite  of  that  is  true  with  the  next  two  signals  having  short 
duration  in  the  time  domain.  Each  of  these  signals  develops  spectra  that  are 
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Figure  8.  Any  real  waveform 
can  be  produced  by  the  cor- 
rect  combination  of  sine 
waves  (Hewlett-Packard  1981) 


Figure  9.  The  relationship  between  the 
time  and  frequency  domains:  (a)  three- 
dimensional  coordinates  showing  time, 
frequency,  and  amplitude,  (b)  time- 
domain  view,  and  (c)  frequency-domain 
view  (Hewlett-Packard  1981) 
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TIME  DOMAIN 


FREQUENCY  DOMAIN 


a.  SINE  WAVE 


JtU 


b.  SQUARE  WAVE 


j  U- 


AMPLITUDE 


f  -  1/T 

FREQUENCY 


1/T  3/T  5/T 

FREQUENCY 


Figure  10.  Types  of  long-  and  short- duration  signals  with 
corresponding  frequency  spectra.  When  time  signals  are 
wide  and  continuous,  (a)  and  (b) ,  the  frequency  spectra 
yield  discrete  and  narrow  bands  of  energy;  and  when  the 
time  signal  is  narrow,  (c)  and  (d) ,  the  frequency  domain 
yields  wide  continuous  bands  of  energy  (Hewlett-Packard 

1981) 
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of  continuous -band  character.  It  is  the  latter  signals  that  concern  UPF. 
measurements  in  concrete . 


14.  Impact  devices  that  create  short  pulse  widths  having  sharp  rise 
times  should  introduce  high  enough  frequencies  into  the  concrete  to  make 
ultrasonic  measurements.  The  typical  shape  of  a  load-pulse  from  a  hammer 
impact  is  shown  in  Figure  11.  and  the  corresponding  frequency  spectrum  of  the 
pulse  is  sliown  in  Figure  12.  The  spectrum  will  dip  to  a  minimum  at  points  on 
the  x-axis  where  the  frequency  difference  between  the  points  is  equal  to  the 
reciprocal  of  the  load-pulse  duration.  The  first  dip  will  occur  at  a 
frequency  of  1.5  times  the  frequency  difference.  It  will  then  produce  a 
spectrum  that  resembles  the  locus  of  a  bouncing  ball,  with  dips  occurring  at 
integral  multiples  of  the  frequency  difference.  The  maximum  energy  generated 
as  a  function  of  frequency  for  a  given  impact  exists  at  zero  hertz.  Most  of 
the  energy  exists  at  low  frequencies  that  cause  spurious  modes  of  vibration 
(in  the  concrete  and  transducer  receiver)  that  can  interfere  with  the  recog¬ 
nition  of  Che  desired  ultrasonic  echoes.  It  Chen  is  necessary  to  use  an 
electrical  filter  to  reject  undesirable  vibration  noise.  A  sharp  load-puise 
can  develop  energy  up  to  frequencies  of  a  few  megahertz,  and  even  though  the 
high-frequency  attenuation  property  of  concrete  is  high,  there  is  enough 
energy  reflected  from  the  concrete  interfaces  at  tne  lower  frequencies  to 
sufficiently  excite  resonances  in  a  piezoceramic  receiver  up  to  a  few  100  kHz. 
As  illustrated  in  Figure  10,  the  shorter  the  time  the  pulse  exists  in  the  time 
domain,  the  broader  the  spectrum  is  in  Che  frequency  domain.  Note  that  the 
reciprocal  of  the  contact  time  determines  the  frequency  difference  between  the 
points  where  the  curve  touches  the  x-axis. 


Tran.sducer  Characteristics 


Damping,  transducers 

15.  Although  it  is  not  very  efficient  to  damp  a  piezoelectric  element 
used  as  a  transmitter,  it  is  po.ssible  to  damp  an  element  vised  us  a  receiver 
without  an  excessive  loss  of  sensitivity.  Although  damping  the  receiving 
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TIME  -  MICROSECONDS 

Figure  11.  Typical  shape  of  force-time  load-pulse  from  impact 
of  hammer  on  concrete  surface.  The  shorter  the  pulse  dura¬ 
tion,  the  higher  the  resolution  of  the  measurement 


FREQUENCY  -  KILOHERTZ 

Figure  12.  Frequency  spectrum  of  previous  time-domain  .signal 
showing  distribution  of  energy  with  frequency.  Difference 
between  frequency  at  energy  dips  is  equal  to  reciprocal  of 

pulse  duration 


transducer  lowers  its  sensitivity  similar  to  the  transmitter,  it  is  not  as 
critical  as  with  the  transmitter,  because  low-level  signals  from  the  receiver 


can  be  increased  by  electronic  amplifiers.  No  similar  amplification  can  be 
applied  to  the  transmitter  output  to  increase  the  mechanical  energy  to  the 
concrete  . 

Damping  techniques 

16.  A  primary  effort  was  made  to  determine  the  state  of  the  art  of 
damping  piezoelectric  materials  for  preventing  excessive  ringing  (Thornton  and 
Alexander  1987)  in  the  transducers.  Transducer  companies  were  reluctant  to 
discuss  the  type  of  materials  and  techniques  that  they  use  to  obtain  various 
bandwidths  and  sensitivities  of  piezoelectric  elements  since  this  is 
proprietary  information.  However,  it  was  possible  to  find  useful  informa tioii 
in  the  literature.  A  number  of  investigators  have  performed  research  on  the 
damping  of  piezoceramics  with  epoxy-loaded  backings  to  obtain  desired 
bandwidths  (Kossoff  1966,  Washington  1961,  and  Lutsch  1961).  A  mixture  of 
epoxy  and  tungsten  powder  will  produce  a  backing  that  has  an  approximate 
acoustic  impedance  match  with  that  of  PZT.  (PZT  is  a  tradename  used  by 
Vernitron  Piezoelectric  Division  of  Bedford,  Ohio,  to  represent  the  type  of 
piezoelectric  material  called  lead  zirconate  titanate.  Although  many  people 
still  refer  to  all  lead  zirconate  titanate  piezoelectrics  as  PZT,  other 
manufacturers  have  their  own  nomenclature.)  This  match  will  produce  a  minimum 
of  reflection  at  the  PZT/backing  interface  and  allow  most  of  the  energy 
leaving  the  back  face  of  the  crystal  to  enter  into  the  backing.  Figure  13 
illustrates  the  location  of  the  backing  used  to  damp  a  crystal  (Carlin  1960). 
If  the  pulse  reflects  back  into  the  crystal,  it  will  cause  ringing.  Lutsch 
(1961)  also  used  rubber  powder  in  the  backing  to  increase  the.  attenuation  and 
reduce  reflections  from  the  back  end  of  the  backing.  Washington  (1961)  found 
that  a  mixture  ratio  of  2:1  by  mass  of  tungsten  to  epoxy  produced  a 
satisfactory  backing.  Increasing  the  amount  of  tungsten  above  this  produced 
marginal  improvements.  Kossoff  (1966)  four.d  tiuit  a  one-quarter  w.a  ve  lengt  h 
layer  matched  to  the  load  and  a  low- impedance  backing  that  wa.s  also  a  cuie- 
quart:er  wavelength  thick  gave  the  best  bandwidlii,  with  reduced  .sen.s  1 1  i  vi  t  y  , 

He  worked  with  PZT- /A. 

17.  There  are  mainly  thifc  different  ways  to  damp  a  tran.sdiu'er .  First, 
a  Hopkinrion  Bar,  which  ha.s  a  long  hacking  behind  the  transmitted  pulse,  c-an  bi* 

2  3 


Figure  13.  Illustration 
of  how  backing  is  ap¬ 
plied  to  piezoelectric 
element  for  damping  pur¬ 
poses  to  alter  bandwidth 
(Carlin  1960) 

used.  This  serves  to  delay  the  echo  from  the  back  end  of  the  bar  until  echoes 
have  been  received  by  the  transducer  from  the  concrete.  Second,  a  shorter 
backing  can  be  used  to  damp  the  transducer.  This  backing  matches  the  crystal 
in  impedance  but  has  high  attenuation  properties  to  dissipate  the  energy 
leaving  the  back  face  of  the  crystal  to  eliminate  the  development  of  standing 
waves  in  the  backing.  This  same  idea  is  used  with  electrical  power 
transmission  lines  to  prevent  reflections.  And  finally,  the  third  technique 
involves  using  a  one-quarter  wavelength  backing  that  does  not  compromise  the 
sensitivity  of  the  transducer  as  much  but  gives  a  wider  bandwidth.  Canfield 
and  Moore  (1967)  tried  to  use  this  technique  in  a  transducer  to  measure  the 
thickness  of  concrete  but  had  limited  success.  The  purpose  then  of  matching 
impedances  is  to  terminate  the  back  face  of  a  crystal  in  its  characteristic 
impedance.  By  definition,  the  characteristic  impedance  of  a  material  is  the 
impedance  required  to  eliminate  reflections.  As  in  electrical  cables,  an 
infinite  length  is  not  required  for  a  backing  in  ultrasonics  to  eliminate 
standing  waves. 

Impulse  response 

18.  A  theoretical  waveform  that  is  used  in  physics  and  mathematics  to 
describe  many  concepts  (point  mass,  point  charge,  point  sources,  etc.)  is  the 
impulse  (Figure  lA) .  An  impulse  is  a  mathematical  pulse  having  an  infinitely 
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Figure  14,  A  mathematical  impulse  has  an  infinite  amplitude 
at  one  instant  in  time.  A  real-world  impulse  will  have  a 
definite  amplitude  and  will  exist  for  a  definite  (although 

short)  period  of  time 

large  amplitude  and  a  width  of  zero  units  of  time  in  duration.  It  therefore 
contains  energy  at  all  frequencies  uniformly  across  the  spectrum  (Figure  15). 
The  application  of  a  mechanical  impulse  to  a  mechanical  system  produces  an 
effect  which  defines  the  system  in  the  limit.  A  system  is  totally  described 
by  the  application  of  an  impulse.  If  a  transducer  is  excited  by  an  impulse, 
it  will  exhibit  all  fundamental  modes  of  vibration  with  all  of  the  respective 
harmonics  for  that  fundamental.  None  will  be  left  out  and  the  response  will 
approach  a  definite  limit  dependent  on  the  system  characteristics  of  the 
transducer.  This  definite  limit  is  called  the  impulse  response  of  the 
transducer . 

19.  Imagine  the  process  to  be  started  by  exciting  the  transducer  with  a 
fairly  wide  pulse  and  observing  the  response.  As  this  process  is  continued  by 
making  the  exciting  pulse  somewhat  shorter  each  time,  the  response  will 
finally  settle  down  to  a  definite  form.  From  that  point  on,  the  response  will 
be  final.  Even  though  the  applied  pulse  contains  h igher - frequency  components 
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Figure  15.  Energy  is  generated  at  all  frequencies  from  an 
impulse.  A  real-world  impulse  will  generate  frequencies 
high  enough  to  cover  the  range  of  the  system  tested 

that  distinguish  the  pulse  as  different  from  the  previous  pulse,  it  will 
produce  a  negligible  change  in  the  transducer  response.  Every  transducer, 
instrument,  material,  or  system  has  a  limit  in  its  frequency  response.  Once 
the  applied  pulse  produces  the  final  response,  there  is  no  need  to  make  the 
applied  pulse  any  shorter  in  time  in  an  effort  to  improve  the  measurement. 

The  time  duration  of  the  applied  pulse  should  always  be  much  smaller  than  the 
period  of  the  greatest  frequency  of  interest  in  the  system  being  tested.  In 
fact,  even  the  shape  of  the  applied  pulse  is  not  important  once  it  has  become 
short  enough  to  generate  the  frequencies  that  the  transducer  will  respond  to. 
The  pulse  can  be  triangular,  rectangular,  or  any  shape.  It  is  implied  that 
the  resolving  power  of  the  amplifier  and  recording  equipment  be  sufficiently 
adequate  to  cover  at  least  the  range  of  frequencies  that  the  transducer  will 
respond  to. 

20.  A  fairly  intense  pulse  can  be  generated  by  striking  a  common 
carpenter's  hammer  on  the  surface  of  concrete,  but  the  duration  of  the  pulse 
lacks  the  brevity  needed  for  making  UPE  measurements  with  the  proper 
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resolution.  Fairly  short  pulses  can  be  generated  by  dropping  steel  balls 
against  the  surface  of  concrete,  but  the  applied  pulse  lacks  the  necessary 
intensity  for  measurements  of  deep  penetration  in  the  concrete.  An  impact  is 
needed  that  will  have  both  attributes  for  efficient  pulse-echo  measurement.s  in 
concrete . 

21.  The  textbooks  that  deal  with  the  response  of  various  systems 
(filters,  transducers,  etc.)  use  an  idealized  stimulus  such  as  an  i.npulse  to 
describe  the  transient  response  (Pender  and  Mcllwain  1950).  Although  t.he 
impulse  (infinitesimal  width  and  infinite  amplitude)  does  not  exist  in  the 
real  world,  it  can  be  approximated  close  enough  with  a  rectangular  pulse.  The 
pulse  need  only  be  short  enough  in  duration  to  contain  the  frequency 
components  that  cover  the  bandwidth  of  the  particular  transducer.  As  the 
rectangular  pulse  becomes  shorter  and  shorter,  the  response  of  the  transducer 
finally  reaches  a  limit  so  that  the  waveform  changes  no  more .  This  final 
waveform  is  called  the  transient  response. 

Tuning  of  transducers 

22.  It  is  important  that  the  electrical  impedance  of  the  transducer 
matches  the  electrical  impedance  of  the  receiving  or  transmitting  circuitry. 
Electrical  matching  of  impedances  is  important  to  obtain  maximum  efficiency 
from  a  transmitter  or  receiver  (Walker  and  Lumb  1964) .  When  the  bandwidth  of 
a  receiving  transducer  has  been  increased  (Quality  Factor  (Q)  lowered]  by  an 
external  backing  member,  the  sensitivity  will  be  reduced  from  that  of  an 
air-backed  element.  However,  some  of  that  sensitivity  can  be  regained, 
without  degrading  the  bandwidth,  by  tuning  out  the  reactance  of  the  static 
capacitance  of  the  transducer  by  the  addition  of  an  inductor.  Even  if  the 
piezoelectric  transducer  does  not  require  heavy  damping  with  a  backing 
material,  its  output  can  still  be  boosted  by  the  addition  of  an  inductor.  The 
frequency  of  electrical  resonance  created  by  the  combination  of  the  externally 
added  inductor  and  the  transducer  capacitance  is  tuned  to  equal  the  mechanical 
resonance  of  the  crystal. 

23.  The  shunting  effect  of  the  static  capacitance  generally  is  un¬ 
desirable,  whether  the  device  is  designed  for  operation  at  resonance  or  for 
broadband  (below  resonance)  operation.  In  electrically  driven  devices,  it 
(static  capacitance)  shunts  the  driving  amplifier  or  other  signal  source 
requiring  that  the  source  be  capable  of  supplying  extra  current.  in  the  case 
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of  mechanically  driven  devices,  such  as  is  the  case  here,  the  static 
capacitance  acts  as  a  load  on  the  active  part  of  the  transducer,  reducing  the 
electrical  output.  In  nonresonant  devices,  little  can  be  done  about  the  shunt 
capacitance  except  choose  a  type  of  piezoelectric  material  that  has  maximum 
activity.  In  resonant  devices,  however,  the  static  capacitance  may  be 
"neutralized"  by  employing  a  shunt  or  series  inductor  chosen  to  resonate  with 
the  static  capacitance  at  Che  operating  frequency.  This  is  illustrated  in 
Figure  16  (Vernitron  Piezoelectric  Division  1979) . 

24.  The  static  capacitance  (C)  can  be  measured  with  an  impedance  bridge 
or  calculated.  If  measured,  it  should  be  made  at  a  low  frequency  near  1  kHz. 
If  calculated,  one  can  use  the  following  equation  (Edo  Western  Corporation 
Brochure) 

C  =  (9) 

th 

where 

X3  =  relative  permittivity,  dielectric  constant  of  crystal 
£0  =  permittivity  of  free  space,  8.85  x  10"^^  farads/metre 
A  =  area  of  crystal,  square  metres 
th  =■  thickness  of  crystal,  metres 
C  =  static  capacitance,  farads 

25.  Impedance  matching  on  a  transducer  is  achieved  with  an  external 
inductor,  once  the  inductance  value  is  determined  from  Equation  6.  At  the 
frequency  of  resonance,  the  inductive  reactance  is  equal  to  the  capacitive 
reactance  of  the  series  branch  shown  in  the  equivalent  circuit  of  Figure  17 
(Cady  1964).  At  that  frequency,  the  total  impedance  of  the  series  branch  is 
purely  resistive  and  equal  to  R.  The  inductive  reactance  cancels  the 
capacitive  reactance.  Since  Cl  will  reduce  the  output  voltage  coming  from  R 
(the  generator),  an  inductor  can  be  placed  in  parallel  with  Cl  to  form  a  high- 
impedance  parallel  resonant  circuit.  Of  course,  the  resonant  frequency  of  the 
parallel  circuit  is  made  equal  to  the  resonant  frequency  of  the  series  circuit 
by  choosing  an  inductor  that  matches  the  value  of  the  static  capacitance.  The 
familiar  equation  for  the  resonant  condition  is  rearranged  in  the  following 
steps  to  solve  for  the  inductance 
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IMPEDANCE  REPRESENTING  RESONANT  MECHANICAL  SYSTEM 


RESONANT  PIEZOELECTRIC  DEVICE 


RESONANT  PIEZOELECTRIC  DEVICE 

Figure  16.  Resonant  piezoelectric  device  with 
static  capacitance  "neutralized"  by  inductor 
(Vernitron  Piezoelectric  Division  1979) 


Figure  17.  Equivalent  electrical 
circuit  of  piezoelectric  resonator 
(Cady  1964) 
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L  = 
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(6) 


where 

L  =  inductance  of  coil,  henries 

C  =  static  capacitance,  farads 

f  =  resonant  frequency  of  transducer,  hertz 

26.  The  addition  of  an  inductor  across  the  piezoelectric  transducer 
tuned  to  the  appropriate  frequency  of  the  thickness  mode  oscillations  is  also 
useful  to  avoid  undue  excitation  of  the  lateral  ringing  of  the  transducer 
elements  at  a  different  frequency  (Bradfield  1948) .  It  is  necessary  for 
admittance  (reciprocal  of  impedance)  measurements  to  be  made  in  the  process  of 
constructing  a  transducer.  The  admittance  of  the  piezoelectric  transducer 
will  change  from  its  undampened  condition  in  air.  As  elements  are  bonded 
together  into  a  mosaic  in  various  series  or  parallel  combinations,  the 
admittance  will  change.  Other  factors  that  alter  the  admittance  are;  the 
addition  of  external  damping,  the  installation  of  the  piezoelectric  elements 
into  a  housing,  the  associated  electrical  impedance  placed  on  the  transducer 
by  the  cable,  various  receiving  circuitry,  and  the  mechanical  loading  by  the 
test  specimen. 

Bandwidth  measurements 

27.  Evaluation  of  the  characteristics  of  the  piezoelectric  resonator  is 

dependent  upon  accurate  measurements  of  the  physical  and  dielectric  properties 
and  impedance  of  the  element  or  resonator.  While  the  measurements  of 
capacitance  and  dissipation  factor  are  relatively  simple  (requires  a 
capacitance  bridge) ,  the  evaluation  of  the  critical  frequencies  must  be 
carefully  performed.  The  recommended  test  circuit  for  determining  the 
critical  frequencies  and  impedances  of  the  piezoelectric  resonator  is  shown  in 
Figure  18.  With  this  type  of  measurement,  the  following  parameters  can  be 
measured:  the  resonant  frequency  of  the  transducer  (frequency  of  series 

branch  in  Figure  ,7),  antiresonant  frequency  of  the  transducer  (frequency  of 
both  branches  in  parallel),  output  impedance  of  transducer  (R) ,  Q  or 
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Figure  18.  Admittometer  used  Co 
measure  bandwidth  of  piezoelec¬ 
tric  transducers  (Edo  Western 
Corporation  Brochure) 

bandwidth,  presence  of  interfering  modes  of  vibration,  and  other  useful 
information  (Edo  Western  Corporation  Brochure). 

28.  An  automatic  sweep  oscillator  was  used  in  the  admittance 
measurements.  However,  the  measurements  can  be  made  by  adjusting  the 
frequency  manually.  The  sweep  oscillator  used  is  capable  of  providing  a 
direct-current  sweep  voltage  for  the  horizontal  axis  of  the  oscilloscope  that 
is  directly  proportional  to  the  output  frequency  of  the  oscillator.  By 
repeating  the  sweep  at  a  suitable  repetition  rate,  a  continuous  band-width 
curve  is  displayed  on  the  oscilloscope  as  a  function  of  frequency.  The  sweep 
rate  must  be  lowered  when  the  transducer  has  a  high  Q.  A  high  Q  transducer 
requires  a  definite  amount  of  time  for  the  amplitude  to  build  up  to  maximum 
when  excited  near  resonance.  (Thornton  and  Alexander  1987)  If  the  Q  of  the 
transducer  is  10,  it  will  take  10  cycles  of  sinusoidal  excitation  to  build  up 
to  96  percent  of  the  full  amplitude.  A  Q  of  100  will  require  100  cycles,  etc. 

29.  Although  the  circuit  seems  relatively  simple,  there  are  some  things 
to  be  aware  of.  The  sum  of  R1  and  R2  should  match  the  output  impedance  of  tlie 
sweep  generator.  The  value  of  R2  should  be  kept  much  lower  than  the  R  of  the 
transducer  so  that  it  will  not  introduce  damping  into  the  transducer  circuit. 
Also,  the  low  impedance  will  help  maintain  a  fairly  constant  supply  voltage 
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(necessary)  across  the  resistor  R2 .  Ideally,  R3  should  be  kept  low  (less  chan 
R  of  transducer)  for  the  voltage  across  R3  to  represent  accuraCely  the 
admittance  of  the  resonator.  However,  the  voltage  will  drop  so  low  across  Ri 
at  the  antiresonant  frequency  that  it  will  cause  a  poor  signal  -  to -noise  ratio. 
It  is  recommended  that  R3  be  less  than  three  times  the  value  of  R  for  proper 
signal-to-noise  considerations.  This  will  require  that  a  correction  be  made 
to  calculate  the  admittance  and  the  mechanical  Q  at  resonance.  In  addition, 
there  can  be  significant  problems  with  stray  inductance  and  especially  stray 
capacitance  due  to  the  low  values  that  make  up  Che  equivalent  circuit  of  the 
transducer.  Leads  should  be  kept  very  short  and  care  taken  to  use  the  proper 
test  fixture.  A  low  capacitance  probe  can  be  used  to  take  the  voltage  from  R3 
to  the  oscilloscope. 

30.  A  bandwidth  measurement  was  made  on  a  PZT-C5500  piezoelectric  rod 
element  that  was  1  in.  in  length  and  1/2  in.  in  diameter  (Figure  19).  The 
frequency  constant  of  the  cylinder  was  56  kHz-in.  Hence,  with  a  1-in.  length, 
the  crystal  has  a  longitudinal  resonance  of  56  kHz.  The  photograph  shows  that 
the  undamped  crystal  has  a  sharp  Q  (narrow  peak  response).  This  means  that 
the  energy  is  contained  within  a  narrow  band  of  frequencies.  The  equation  for 
computing  the  Q  is 


where 

fj.  =  resonant  frequency,  hertz 

£2,  £i  ===  frequencies  above  and  below  resonance  where  the  amplitude  is 
down  by  a  factor  of  l/>/2  (-3  db) ,  hertz 

A  rough  calculation  of  Q  from  this  measurement  follows 


0  = 


56,000 

2, 000 


(8) 


£)  =  28  (9) 

If  a  measurement  were  made,  the  time  required  (Q/f)  for  the  crystal  to  ring 
down  to  4  percent  of  its  original  amplitude  would  be  500  /isec  (28/56,000). 
Obviously,  a  transmitter  or  receiver  with  a  500-;isec  ring-down  time  could  not: 
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Figure  19 .  Bandwidth  measurement  on  a 
PZT-C5500  piezoelectric  rod  element. 

Longitudinal  resonance  occurs  at 
56  kHz.  The  PZT  rod  element  is  1  in. 
in  length  and  1/2  in.  in  diameter. 

PZT-C5500  is  manufactured  by  Channel 
Industries 

be  used  to  detect  an  echo  from  the  base  of  a  9-in.  slab  (102-/usec  round  trip) 
as  it  (transducer)  would  still  be  ringing  at  the  TOA  of  the  reflected  signal. 
(The  transducer  would  be  initially  excited  into  ringing  at  the  instant  of 
impact.)  This  example  is  presented  as  an  illustration  to  point  out  the  need 
for  having  a  transducer  receiver  that  is  damped. 

31.  Notice  how  the  bandwidth  measurement,  on  a  piezoelectric  rod 
element,  is  clean  and  free  of  spurious  nodes.  The  undesirable  radial  mode  is 
above  100  kHz  and  falls  outside  the  scale  shown  on  the  photograph.  However, 
the  large  separation  in  frequency  between  the  desirable  longitudinal  mode  and 
the  undesirable  radial  mode  makes  the  transducer  ideally  suited  for  applying 
an  electrical  filter  to  remove  the  unwanted  radial  interference.  A  mosaic 
transducer  could  be  constructed  with  a  number  of  these  point  sources  to  form  a 
flat  radiator  with  directivity  (Howkins  1968).  The  higher- frequency  radial 
mode  could  be  reduced,  or  eliminated,  with  low-pass  filtering  and  by  embedding 
the  rod  elements  in  a  disc  or  plate  made  of  tungsten- loaded  epoxy.  The 
frequency  constant  of  PZT-C5500  is  56  kHz- in.  in  the  longitudinal  direction 
and  78  kHz-in.  in  the  radial  direction.  This  means  that  the  interfering  mode 
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would  be  three  times  as  high  in  frequency  as  the  desired  modc'  for  a  1-iii.- 
long,  1/2  -  in .  -  diara  rod  element.  Also,  the  concrete  itself  woiild  act  as  a  luv.’- 
pass  filter,  since  the  attenuation  property  of  concrete  is  very  iii£,h  wiiei\  the 
wavelength  of  the  input  signal  is  equal  to,  or  smaller  than,  tlie  dimension.s  of 
the  aggregate . 


Harmonics 


32.  According  to  transducer  theory,  the  pulse  width  of  a  one-half  sine 
wave  impact  should  be  one -half  of  the  period  of  the  natural  frequency  of  tiie 
crystal  to  produce  maximum  excitation  of  the  crystal  at  resonance  (Stein 
1964).  As  an  example,  this  means  that  a  transducer  would  be  highly  sensitive 
if  an  impact  from  a  steel  ball  on  the  concrete  produced  a  20-psec-wide  pulse, 
and  the  transducer  had  a  resonance  at  25  kHz  (f  =  1/(2  (20  nsec))).  (The 
concrete  slab  would  need  to  be  much  thicker  than  3  or  4  in.  to  eliminate 
setting  up  a  thickness  resonance  in  the  slab  near  25  kHz  and  interfering  with 
the  measurement.)  The  preceding  discussion  refers  to  enhancing  a  pulse-echo 
condition  in  the  concrete;  not  a  resonance  condition. 

33.  Spectrum- analysis  tests  on  the  impact  load-pulse  from  the  Schmidt 
hammer  show  the  frequency  content  to  follow  the  "bouncing  ball"  spectrum  of  a 
rectangular  pulse  (see  the  negative-going  rectangular  pulse  in  Figure  20  and 
the  corresponding  frequency  spectrum  in  Figure  21).  The  width  of  the  pulse 
(t)  is  100  psec  from  an  electrical  pulse  generator.  The  first  null  of  the 
frequency  content  curve  is  at  1/t  =  10  kHz  ;  the  second  null  is  at  2/t 

(20  kHz),  etc.  (Remember,  as  shown  in  Figure  12,  th^r  th" 
first  null  for  a  one-half  sine  wave  is  calculated  differently  than  for  a 
rectangular  pulse  and  is  1.5  times  the  reciprocal  of  the  pulse  duration.) 
However,  the  frequency  band  of  the  highest  energy  exists  from  0  to  5  kHz.  The 
next  main  energy  peak  would  be  at  15  kHz,  then  25  kHz,  etc.  We  can  see  that 
there  is  a  component  of  energy  that  exists  at  higher  frequencies  from  the 
energy  spectrum  of  the  electronic  rectangular  pulse  that  could  be  used  to 
excite  a  high-frequency  crystal. 

34.  It  can  be  seen  that  the  broadVjand  spectrum  of  energy  from  the 
impact  of  a  rebound  hammer  can  excite,  for  example,  the  15th  liarmonic  of  a 
crystal.  One  could  use  a  crystal  having  a  fundamental  resonant  frequently  of 
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Figure  20.  Rectangular  shaped  electrical 
pulse  from  a  pulse  generator  (similar  to 
shape  of  mechanical  load-pulse  from 
Schmidt  hammer) 
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Figure  21.  Frequency  spectrum  of  rectan¬ 
gular  pulse  from  a  pulse  generator 
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7,143  Hz  (i/(2  (70  fisec)))  and,  by  use  of  electirical  filters,  pass  only  die 
fifteenth  harmonic  of  the  crystal  (107,000  Hz)  tdirough  the  recording  systi-in. 

35.  Piezoelectric  plates  vibrate  in  numerous  fundamental  mode.s  vd  th 
their  respective  harmonics  when  the  crystal  is  excited  (Kravi' hi'amer  and 
Krautkranier  1977).  An  interesting  fact  that  may  be  useful  for  impact -echo 
measurements  is  that:  the  Q,  which  is  inversely  related  to  the  damping 
factor,  decreases  with  the  order  of  the  harmonic.  If  the  fundamental  ha.s  a  0 
of  20,  then  the  fifth  harmonic  would  have  a  Q  of  4.  Since  ultrasonic  pulse- 
echo  testing  requires  short  pulses,  it  may  be  of  benefit  to  pass  only  one  cf 
the  higher  frequency  harmonics.  All  the  harmonics  of  vibration  are  being 
excited  by  the  broadband  energy  from  an  impact.  Also,  the  sensitivity  of  each 
harmonic  decreases  as  the  order  of  the  harmonic.  Figure  22  shows  a  bandwidth 
measurement  performed  by  exciting  the  PZT-C5500  transducer  by  an  ii^pact  from 
dropping  a  steel  ball  on  the  faceplate  of  the  transducer.  Note  that  the 
fundamental  is  slightly  less  than  20  kHz,  and  harmonics  occur  at  integral 
multiples  of  the  fundamental. 

36.  An  undamped  transducer  such  as  PZT  will  have  too  high  a  Q  to  permit 
ultrasonic  pulse-echo  measurements  to  be  made  through  a  penetration  depth  of 
less  than  a  few  feet  when  operating  at  the  fundamental  resonant  frequency  of 
the  transducer.  UPE  measurements,  whether  for  concrete  or  other  materials, 
require  low  Q  (wide  bandwidth)  transducers  for  proper  operation.  However,  it 
is  possible  to  perform  ultrasonic  pulse-echo  measurements  at  one  of  the 
harmonic  frequencies  of  the  transducer  since  the  Q  decreases  as  the  order  of 
the  harmonic  (Krautkraraer  and  Krautkramer  1977)  .  If  a  transducer  is  excited 
by  a  gated  sine  wave  pulse  with  the  center  frequency  of  the  pulse  at  the 
resonant  frequency  of  the  transducer,  the  transducer  will  respond  around  that 
frequency  only.  If  the  transducer  is  shock  excited  with  a  very  .short  impulse, 
it  v;ill  re.spond  at  the  fundamental  resonant  frequency  and  at  all  of  its 
harmonics.  One  of  the  popular  narrowband  transducers  used  for  through- 
transmission  measurements  in  concrete  is  the  James  V-meter  Model  C-4898 
transducer  resonant  near  54  kHz.  The  Q  of  the  fundamental  frequency  is  higli, 
near  200,  since  the  transducer  is  undamped.  The  twenty-fifth  hannonic  will 
have  a  Q  of  200/25  or  8  as  discussed.  The  frequency  of  the  twenty - f i ft h 
harmonic  will  be  25  times  the  fundamental  of  54  kHz  or  1.4  MHz,  The 
sensitivity  of  the  harmonic  also  decreases  in  inver.se  proportion  to  the  order 
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Figure  22.  Frequency  response  of  PZT-C5500  transducer  from 
excitation  by  impact  from  a  steel  ball  on  the  aluminum 
faceplate  of  transducer.  Note  the  harmonics 

of  the  harmonic.  If  the  amplitude  of  the  fundamental  were  20  volts  at  bU  V:Hz , 
the  amplitude  of  the  harmonic  at  1,4  MHz  would  be  20/25  or  0.8  volt, 

37.  The  following  test  v;as  made  to  verify  the  facts  mentioned  in  the 
previous  paragraph.  A  pitch-catch  UPE  measurement  was  made  on  a  6- in. -thick 
block  of  steel.  The  James  V-meter  transducer  wes  used  as  the  transmitter,  and 
a  low  0  (~3)  transducer,  Panametrics  Model  301S,  resonant  at  about  550  kHz. 
wa.s  used  as  the  receiver.  The  transmitter  was  shock  excited  witli  the 
Panametrics  Model  5055PR  pulser  with  the  damping  control  adjinsted  to  get 
maximum  response  at  a  iiigher  -  frequency  iiarmonic.  11  i  gli  -  p.i.s.s  filtering  Wds 
perfoniied  botti  with  pas.sive  and  active  filter.s  to  reduce  the  aiiqi !  i  t  ude  of  tne 
high-energy  frequencies  be,lov>/  850  kHz.  The  first  filter  wa.s  a  p;issive  liir/i- 
pass  Mode'l  H62  by  TTE,  Inc.  ,  with  cutoff  at  200  kHz;  next  wa.s  ati  active  high- 
pas.s  filter  from  the  Panametrics  Model  5055PR,  with  cvitoff  at  500  kHz;  .’in 
amplifier  followed  wit.h  a  gain  of  60  db  on  the  filtered  .signal;  a  Wavitek 
Model  442  active  band-pass  filter  followed  that,  with  cuit.o}  1  ,it  850  MHz,  ,i 
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rolloff  attenuacion  of  48  db/octave,  and  a  stop-band  attnnuatiou  of  80  dii. 
Multiple  echoes  were  received  with  a  duration  of  51  /lisec  betweeti  t-clioe.s  with, 
the  spectrum  of  the  echoes  having  the  main  energy  at  about  550  kHc  and 
1.2  MHz.  See  the  echoes  in  the  time  domain  in  Figure  23  and  the  echoes  in  tiie 
frequency  domain  in  Figure  24.  The  peak  at  550  kHz  is  larger  than  the  1.2  MHz 
peak  due  to  the  fact  that  the  transducer  receiver  is  more  sensitive  at  that 
frequency,  although  the  lower  frequency  received  some  filtering.  The 
following  observations  were  noted.  Surface  waves  which  normally  would  have 
been  present  at  the  low  frequency  of  54  kHz  and  would  have  totally  prevented 
the  detection  of  echoes  have  been  eliminated  by  operating  at  a  higher 
frequency.  The  twenty- fifth  harmonic  has  a  Q  of  about  8  and  is  not  Coo  high 
for  making  UPE  measurements  through  a  penetration  depth  of  less  chan  1  ft  in  a 
small -grain  material,  since  the  wavelength  is  sc  short  at  that  frequency. 
However,  the  attenuation  in  concrete  is  simply  Coo  high  to  permit  a  UPE 
measurement  at  1.2  MHz  as  was  done  in  the  metal.  This  tr-'-t  illustrates  that 
pulse-echo  measurements  are  at  least  possible  with  a  higi;  Q  (narrowband) 
transducer  by  op'>rating  at  one  of  the  harmonics  of  the  fundamental, 

38.  To  illustrate  tne  potential  of  harmonic  operation,  assume  that  tVie 
thickness  of  a  section  of  concrete  floor  slab  is  being  measured.  The 
round-trip  time  of  a  longitudinal  pu)se  for  a  thickness  of  9  in.  is  about 
100  fxsec .  For  proper  resolution,  the  pulse  length  should  not  be  longer  than 
one-tenth  of  the  path  length  (10  fj.sec  or  less).  Assume  chat  we  are  using  an 
undamped  transducer  with  a  resonant  frequency  of  20  kHz  for  the  fundamental 
mode.  If  the  fundamental  had  a  Q  of  22,  then  the  eleventh  harmonic  would  have 
a  Q  of  2  (as  discussed)  and,  once  excited,  would  ring  for  about  two  cycles 
before  dying.  Ac  a  frequency  of  220  kHz  (eleventh  harmonic),  the  tv;o-cycle 
pulse  would  be  slightly  les.s  than  10  fisec  and  that  meet.s  the  pro[.)er  criteria. 

39.  If  a  different  concrete  structure  is  chosen  and  the  thickne.ss  of 
Che  concrete  is  900  in.,  this  is  an  increase  in  travel  path  of  100  times  over 
the  first  case.  The  round-trip  time  of  the  longitudinal  pulse  in  tiie  concrete 
would  nov;  be  10,000  /isec .  For  proper  resolution,  the  pulse  letip.th  could  not 
exceed  1,000  /xsec  ,  If  the  imaginary  hand-pass  filter  i  .s  moved  and  it  p.i.sse;; 
the  fundaniental  trequency  (fir.st  hannonic-j  only,  it  lia.s  a  period  of  50  j.'.tc 
and  will  ring  f(M'  about  22  cycles.  That  cor re.spomts  to  a  pulse  huigtli  of 
1,100  /i.sec  .  Tliat  may  ht;  a  little  longer  than  de.sired.  cind  ))ropi:M  rtssolution 
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gure  23.  Ultrasonic  pulse-echo  measurements  on  a  6-in. -long 
eel  block  with  all  frequencies  below  the  tenth  harmonic  of  a 
)4-kH2  narrowband  transducer  highly  attenuated  by  filtering 
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Figure  24,  Frequency  spectrum  of  previous  echoes  shows  that 
the  primary  energy  accepted  through  the  recording  system  is 
near  550  kHz  and  1 . 2  MHz 


can  be  reached  by  moving  on  to  the  second  or  third  harmonic.  Notice,  however 
that  the  operation  of  the  piezoelectric  plate  corresponds  to  tVie  resolutitni 
and  sensitivity  needed  for  the  particular  thickness  measured  in  the  coi.c:rett-. 
That  is,  when  thickness  is  short  and  more  resolution  and  less  penetration  is 
required,  a  higher  frequency  harmonic  can  be  passed.  OTien  the  distance.s  are 
long  and  less  resolution  and  more  penetration  is  needed,  one  can  pass  a  lower 
frequency  harmonic  or  possibly  the  fundamental.  This  remains  to  be  tested  in 
concrete . 


Digital  Signal  Processing 

40.  A  software  package,  Computer-Aided  Circuit  Analysis,  Optimization, 
and  Measurement  (COMTRAN) ,  was  designed  for  AC  circuit  analysis  by  Jensen 
Transformers,  Inc.  This  software  was  used  in  conjunction  with  a  Hewlett- 
Packard  (HP)  series  300  computer  and  a  HP  5182A  waveform  recorder  to  acquire 
impact-echo  response  signals  in  the  time  domain  and  compute  the  Fast  Fourier 
Transform  (FFT)  of  the  signals.  The  software  package  was  capable  of 
performing  Fast  Convolution  as  shown  in  Figure  25,  as  well  as  many  other 
digital  signal  processing  (DSP)  techniques. 

41.  A  small  computer  program  was  written  to  generate  digitized  echoes 
having  a  user-defined  center  frequency,  a  constant  time  between  echoes,  and  a 
fixed  attenuation  of  multiple  echoes.  Another  program  was  modified  from 
another  computer  language  to  compute  a  digital  band-pass  filter  in  the  HP 
Rocky  Mountain  Basic  language.  The  filter  was  capable  of  being  adjusted  to 
various  cutoff  frequencies  both  above  and  below  the  center  frequency. 

42.  Figure  26  shows  a  series  of  mathematically  calculated  echoes 
occurring  every  12.8  psec  with  the  transducer  having  a  center  fr^'quency  at 
50  kHz.  An  FFT  of  the  time  domain  signal  in  Figure  27  shows  the  energy 
centered  about  50  kHz  with  various  harmonics  separated  by  the  difft^rence 
frequency  of  7.8  kHz.  The  envelope  of  the  waveform  represents  the  frequt>ncy 
response  of  the  transducer  while  the  "comb"  pattern  is  due  to  the  echoes.  Th' 
difference  frequency  of  7.8  kHz  (difference  between  "teetii"  of  "coml)")  is  tlie 
reciprocal  of  the  time  bt^tween  echoes,  128  /isec .  See  paragrapli  14. 

43.  One  of  the  signal  processing  operations  that:  COMTRAN  will  peifcirm 
is  convolut  i.on ,  The  counterpart  of  convolvition  in  the  time  domain  i  .s  complex 
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Figure  25.  Illustration  of  method  to  perform  digital  filtering. 
This  is  sometimes  called  "Fa.st  Convolution" 
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multiplication  in  the  frequency  domain.  In  the  time  domain,  the  input  signal 
is  convolved  with  the  impulse  response  of  the  filter  to  generate  the  output 
signal,  also  in  the  time  domain.  If  the  FFT  is  taken  of  the  input  signal  and 
complex  multiplied  by  the  FFT  of  the  filter's  impulse  response  (frequency 
response  function  of  filter) ,  one  will  obtain  the  output  signal  in  the 
frequency  domain  (same  as  the  FFT  of  the  output  signal  gotten  by  convolution 
in  the  time  domain) .  So  convolution  in  the  time  domain  is  equivalent  to 
complex  multiplication  in  the  frequency  domain.  Equation  10  shows  the 
convolution  process  in  the  time  domain 

V(t)  ^  =  V(t} (10) 

where 

V(t)^  =  input  signal  in  the  time  domain 
1(C)  =  impulse  response  of  the  filter  in  the  time  domain 

V(C)^  «=  output  signal  in  the  time  domain 
Equation  11  represents  the  convolution  process  in  the  frequency  domain 

S(,£)„  =  Sif)  iF,(f)  (11) 

where 

S(f)i  =  input  signal  in  the  frequency  domain 

S(f)^  =  output  signal  in  the  frequency  domain 

Fj.(f)  =  frequency  response  of  the  filter 

44.  A  high-pass  digital  filter  was  computed  that  only  passed  energy 
above  25  kHz.  This  is  shown  in  Figure  28  as  the  impulse  response  of  the 
filter.  The  FFT  of  the  impulse  response  yields  the  frequency  response 
function  shown  in  Figure  29.  This  view  of  the  filter  is  more  informative  as 
it  is  clear  that  the  filter  only  passes  information  above  25  kHz.  Figure  30 
is  the  result  of  convolving  the  signal,  Figure  27,  with  the  filter.  All 
frequencies  below  25  kHz  have  been  attenuated.  By  doing  an  inverse  FFT  on  the 
result  as  shown  in  Figure  31,  the  sharpness  of  the  front  of  the  echoes  lias 
been  reduced  somewhat,  and  the  pulse  has  been  lengthened  due  to  the  low 
frequency  filtering. 

45.  The  point  to  be  made  is  that  the  large,  spurious  low  frequencies 
created  by  an  impact  could  be  filtered  from  the  composite  signal  witliout 
destroying  the  desirable  higher  frequencies.  Because  the  bandwidth  must  be 
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Figure  28.  Impulse  response  of  a  high-pass  digital  filter 

with  cutoff  at  25  kHz 
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Figure  29.  Frequency  response  of  digital  filter  showing  cut¬ 
off  at  25  kHz 
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gure  30.  Resulting  frequency  response  after  convolving  time- 
Tiain  echo  signal  with  impulse  response  of  filter.  Note  the 
attenuation  of  energy  below  25  kHz 


TIME  -  MICROSECONDS 

Figure  31.  Inverse  FFT  of  previous  signal  showing  that  echoes 
can  be  seen  after  the  attenuation  of  the  low-frequency  energy 

by  filtering 
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adequate  to  pass  the  high-frequency  components  and  yet  reject  the  extraneous 
low  frequencies  that  necessarily  occur  when  an  impact  on  concrete  is  made,  it 
is  probably  better  to  use  a  high-pass  filter  rather  than  a  band-pass  filter. 

Bandwidth  Considerations 


46.  The  designer  of  a  digital  filter  must  consider  information  about 
the  signal's  bandwidth  if  it  is  desired  to  reproduce  the  desired  signal 
accurately.  An  adequate  bandwidth  is  especially  important  when  transmitting 
short  pulses.  Yet,  since  an  impact  excites  so  many  extraneous  modes  of 
vibration,  it  is  important  that  the  bandwidth  be  kept  to  its  smallest  possible 
value  to  prevent  interference  from  undesired  signals.  If  some  of  the 
important  component  frequencies  are  suppressed  by  the  electrical  system,  then 
the  transmission  distorts  the  pulse  and,  in  particular,  lengthens  it.  To 
transmit  a  pulse  of  duration  T,  a  frequency  bandwidth  of  B  =  1/T  is 
sufficiently  wide  to  pass  the  pulse  witnout  considerable  distortion  even  if 
the  amplitude  of  the  frequencies  passed  on  either  end  of  the  band  is  only  70 
percent  of  that  passed  at  the  center  of  the  band  (Krautkramer  and  Krautkramer 
1977)  . 

47.  A  filter  with  a  bandwidth  of  100  kHz,  therefore,  could  transmit 
with  practically  no  distortion  a  pulse  of  1/100  kHz  =  10-/zsec  duration,  e.g. 
five  oscillations  of  a  500-kHz  frequency  (period  is  2  ^^sec) .  Any  pulse  is  a 
complex  wave,  containing  many  sine-wave  components.  If  the  pulse  is 
repetitive,  then  the  lowest-frequency  component,  the  fundamental  frequency,  is 
exactly  equal  to  the  pulse  repetition  rate.  The  other  components  are 
harmonics  of  this  value  (DeFrance  1963).  For  example,  a  pulse  with  10-/isec 
duration  and  a  repetition  rate  of  10  kHz  (approximate  longitudinal  echo  rate 
in  a  9-in. -thick  concrete  slab)  would  contain  frequency  components  from  10  kHz 
to  at  least  600  kHz.  But,  as  explained,  one  could  reproduce  the  pulse  with  a 
fair  degree  of  accuracy  with  a  100  kHz -bandwidth  centered  at  500  kHz. 

48.  The  rise  time  of  a  rectangular  shaped  pulse  determines  the  highest - 
frequency  component  present  in  the  pulse.  (This  is  a  common  method  to  test 
the  bandwidth  of  a  hi-fi  system.)  A  system  will  ring  at  its  re.sonant 
frequency  when  excited  by  a  rectangular  pulse  sufficiently  short  in  duration 
to  contain  energy  at  that  frequency.  There  is  no  build-up  time  required  for 
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the  system  to  respond  vji.th  maximvim  amplitude,  such  as  is  Che  ca.se  when  cht; 
system  is  excited  by  sine -wave  bursts  at  the  resonant  frequency  of  the 
transducer.  If  the  Q  of  a  transducer  is  equal  to  2 ,  it  will  take  two  cycles 
of  a  sine-w’ave  stimulus  for  the  transducer  to  reach  96  percent  of  its  maximum 
amplitude.  However,  with  shock  (impulse)  excitation,  the  transducer  will 
reach  its  maximum  amplitude  in  a  fraction  of  one-quarter  of  a  cycle  of  the 
transducer  resonant  frequency  (Hueter  and  Bolt  1955).  This  is  an  important 
factor  to  understand  when  measuring  the  exact  TOA  of  an  echo.  The  front  of 
the  pulse  will  be  sharp  and  will  have  maximum  amplitude  for  sVsock  excitation, 
49.  There  is  still  another  factor  in  the  consideration  of  bandwidth. 
Since  concrete  is  a  highly  attenuative  material,  it  will  tend  to  act  as  a 
mechanical  low-pass  filter  on  the  higher  frequencies  and  distort  the  pulse. 

It  may  be  necessary  to  provide  equalization  by  means  of  an  electrical  network 
to  boost  the  high-frequency  components  in  conjunction  with  the  high-pass 
filter  previously  discussed.  It  is  necessary  to  pass  the  high-frequency 
harmonics  of  a  pulse  to  prevent  distortion  and  lengthening. 
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PART  III:  LITERATURE  REVIEW 


Impact  Measurements  Research 

50.  The  load-pulse  duration  from  a  hammer  impact  does  not  necessarily 
correspond  with  the  period  of  longitudinal  resonance  of  the  concrete  when 
making  impact-echo  measurements  as  is  the  case  with  impact- resonance 
measurements  (Alexander  1991) .  The  width  of  the  load-pulse  (contact  time) 
should  be  equal  to  one -half  of  the  period  (T)  of  the  longitudinal  resonant 
frequency  in  the  concrete  to  cause  maximum  response  when  making  resonant- 
frequency  measurements.  However,  it  is  necessary  that  the  contact  time  of  the 
hammer  be  no  more  than  10  percent  of  the  two-wave  travel  time  in  the  concrete 
to  properly  resolve  echoes  for  impact-echo  measurements.  If  the  pulse 
duration  is  equal  to  1/2  T,  it  would  create  a  resonant  condition  rather  than  a 
pulse-echo  signal.  A  number  of  sinusoidal  reverberations  are  generally 
measured  for  a  resonant  condition  which  is  effectively  an  averaging  process. 

If  the  pulse  duration  is  less  than  10  percent  of  the  period,  then  a  pulse -echo 
condition  will  dominate  over  a  resonance  condition  and  only  cne  echo  must  be 
detected  for  a  proper  measurement. 

51.  In  1981,  the  author  impacted  a  200-lb  mass  against  an  insitu 
concrete  pier  having  a  mass  of  about  1,000,000  lb  on  the  Lake  Superior  Control 
Structure  near  Sault  Sainte  Marie,  MI  (Alexander  1981).  It  was  possible  to 
resonate  the  structure  in  its  flexural  mode.  Although  that  investigation 
demonstrated  the  potential  of  impacts  to  make  resonant  -  frequency  measurements, 
this  report  primarily  deals  with  pulse-echo  measurements . 

52.  Howkins  (1968)  used  a  40-in.  steel  rod  with  the  top  end  case 
hardened  to  receive  a  small  steel  ball  shot  from  an  air  gvin.  He  was  able  to 
produce  a  pulse  as  short  as  10  /isec.  He  used  a  condenser  microphone 
(ultramicrometer)  as  a  receiver.  The  receiver  was  designed  for  the  low 
acoustic  impedance  of  air  and,  therefore,  presented  a  serious  mismatch  with 
the  acoustic  impedance  of  concrete.  The  system  was  subject  to  noise  as  thic 
sensitivity  of  the  microphone  was  very  low,  Hovjever,  he  measured  the 
thickness  of  a  10- in.  slab  of  concrete  using  the  impact-echo  technique, 

53.  Sanasalone  and  Carino  (1986)  have  developed  an  improved  impact 
resonant  -  frequency  system  for  detecting  interfaces  in  concrete. 


Small  steel 


balls  witli  diau.ecers  of  about  3/8  in.  and  are  used  to  ,-/Mier,i i  <•  eiu-i  r',’ 

primarily  in  the  sonic  range  (<  20  kHz).  Sinusoidal  reverberations  artr 
measured  with  a  sensitive,  broadband  receiver.  It  will  penetrate  to  a  depth 
of  a  few  feet. 

54.  Muenow  has  developed  an  impact-echo  system  for  which  details  have 
not  been  made  public  except  in  a  general  sense  (Muenow  1990).  Although  the 
claims  of  the  system  are  significant,  not  enough  is  known  about  the  system  to 
evaluate  its  accuracy  and  to  verify  the  physic.s  of  the  measurement. 

55.  Desai  et  al .  (1974)  tested  a  large  dam  in  India  for  cracks  by  an 
impact-echo  technique  by  dropping  a  large-diameter  (dimensions  un'Known)  steel 
ball  on  the  top  surface  and  detecting  echoes  from  a  crack  plane  estimated  to 
be  15  m  across.  The  frequency  of  the  energy  was  estimated  to  be  in  the  low 
end  of  the  sonic  range  at  about  240  Hz.  The  actual  depth  of  the  crack  is  not 
known . 


■Sonic  Impact  Pulse-Echo  Research 


56.  Sonic  pulse -echo  tests  were  made  on  a  pile  80  ft  long  and  14  in. 
square  in  cross  section  and  lying  on  the  soil  (Alexander  1980)  .  Figure  32 
shows  the  concrete  pile,  sledge  hammer,  and  transducer  used  to  make  pulse -echo 
measurements.  A  12 -lb  sledge  hammer  was  used  to  impact  the  end  of  the  pile. 
The  reflection  was  received  with  a  James  Electronics,  Inc.,  Model  C-4966 
transducer  with  resonance  near  50  kHz.  Operation  took  place  in  the  broadband 
region  of  the  transducer  response  curve  below  resonance.  No  filtering  or 
signal  processing  was  required.  Figure  33  shows  the  cracked  pile  and 

Figure  34  presents  the  echo  signal.  The  load-pulse  can  be  seen  at  the  time  of 
impact  and  also  four  reflections  from  a  crack  located  16.2  ft  from  the  impact 
end  of  the  pile.  Since  the  location  of  the  crack  is  about  20  percent  of  the 
length  of  the  pile,  five  reflections  will  occur  from  the  crack  and  arrive  at 
the  transducer  before  the  reflection  arrives  from  the  opposite  end  of  the 
pile.  The  large  reflection  arriving  at  a  point  located  abovjtt  2/3  of  the  way 
along  the  x-axis  is  the  load-pulse  reflecting  off  the  opposite  end  of  the 
81 . 62  5  -  f  t  -  long  pile.  Two  more  echoes  are  seen  on  the  trace  from  t  !u'  crack  .us 
die  energy  continues  to  reverberate  in  the  pile. 

57.  The  load-pulse  introduced  into  the  concrete  is  aboi.it  1.2  msec  long 


49 


Figure  33.  Crack  in  pile  located  16  ft  from  end  of  pile 
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Figure  32.  80-ft-long  concrete  pile,  sledge  hammer,  and  piezoelectric 
receiver  used  in  making  a  sonic  pulse-echo  measurement 


Figure  34.  Arrival  of  echoes  from  end  of  pile  and  from  crack.  Five 
echoes  can  be  seen  from  crack  before  the  large  amplitude  echo  arrives 

from  the  pile  end 

This  corresponds  to  energy  existing  primarily  at  a  frequency  of  about  833  Hz. 
The  first  dip  in  energy  would  occur  at  1,250  Hz  as  described  earlier  in  this 
report.  The  total  travel  time  down  and  back  the  length  of  the  pile  is  11,46 

msec  for  the  14,245  ft/sec  longitudinal-velocity  wave.  So  the  pulse  length  in 

units  of  time  is  about  10  percent  of  the  round-trip  time  for  the  pulse  in  the 
concrete  pile. 

"In  setting  up  the  pulse  system,  the  length  (distance) 
of  the  pulse  should  be  adjusted  according  to  the  minimum 
distance  of  transmission.  For  example,  if  an  operator 
were  testing  a  part  that  was  1  in.  thick,  he  would  want 
the  pvilse  to  be.  a  very  small  fraction  of  an  inch.  The 
t  liiK!  it  takes  for  ultrasonic  wnve.s  to  travel  1  in.  in 

■stec^l  or  aluminum  la  about  8  /<sec:  so  a  good  letigtli  lor 

the  pulse  would  be  2  /xsec.  If  he  were  testing  a  part 
tliat  was  20  ft  long,  tlie  operator  could  have  a  pulse 
letif’th  of  5  to  10  /osec ,  Tliis  longer  pulse  enables  him 
to  get  somewhat  more  power  Into  the  iiUHlhim  and  therelore 
greater  penetration,"  (Carlin  1960) 
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In  this  case  the  pulse  length  is  17  ft  long  or  about  10  percent  of  tlu* 
163,'25-ft  round-trip  travel  path  in  the  pile.  In  most  ca.se.s,  the  pulse  length 
should  not  be  more  than  10  percent  of  the  total  roviiui- tr ip  tiui'.’el  t  iiiu-  tor  tJu- 
pulse  for  impact-echo  measurements  to  obtain  the  proper  resolution.  The  [lul.sc- 
can  be  longer  for  impac  t  -  resonance  measurement. s  .  This  report  i.s  priiisarily 
concerned  with  ultrasonic  pulse-echo  measurements  by  iinnact. 

58.  For  a  typical  concrete  pavement  thickness  of  9  in.,  the  round-trip 
travel  time  is  about  100  psec .  Therefore,  the  pulse  length  sliould  not  be  much 
longer  than  10  psec  to  properly  resolve  echoes.  One  cycle  of  a  .sinusoidal 
pulse  would  correspond  to  a  center  frequency  of  100  kHz.  Since  the  upper- 
frequency  limit  for  concrete  rs  close  to  200  kHz,  to  prevent  excessive 
scattering,  tlie  pulse  length  could  not  be  much  shorter  than  5  psec 

(T  =  1/200  kHz).  This  represents  a  fairly  narrow  window  (5  psec  <  pulse 
length  <  10  psec)  for  measuring  thickness  or  locating  flaws  in  concrete 
pavements  and  floor  slabs  using  impact-echo  measurements. 

59,  The  long  slender  pile  acts  as  a  waveguide  to  keep  t)if-  energy 
containad  within  the  pile.  However,  with  a  slab  the  energy  spreads  out  in  all 
directions  with  only  a  small  percentage  of  the  original  energy  reflecting  t rom 
the  base  of  the  slab.  This  makes  the  slab  measurement  much  more  difficult 
than  a  pile  measurement. 
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PART  IV;  LABORATORY  WORK  ON  BROADBAND  TRANSDUCERS 


Using  Resonanc  Transducers  as  Broadband  Receivers 

60.  To  accurately  reproduce  the  shape  of  transients  with  an  undamped 
(resonant)  transducer  receiver,  it  is  necessary  that  the  natural  period  of  t!ie 
transducer  be  much  lower  than  the  width  of  the  transient  pulse  being  measured. 
This  ensures  that  operation  will  occur  in  the  broadband  portion  of  the 
frequency-response  curve  of  the  transducer  and  that  the  pulse  will  not  cairse 
the  transducer  to  resonate.  With  one -half  sine  or  triangular  shaped 
transients,  the  transducer's  natural  period  should  be  less  tlian  ct!e-fifth  the 
pulse  duration  (Stein  1964)  for  faithful  reproduction. 

61.  This  becomes  much  more  critical  with  short,  square  transients  like 
one  produced  by  sharp  impacts  from  a  Schmidt  rebound  hammer.  A  typical  impact 
waveform  from  the  rebound  hammer  impacting  a  load  cell  on  concrete  is  sliown  in 
Figure  35.  The  trace  is  load  versus  time,  and  the  width  of  the  main  load 
pulse  is  about  70  (xsec .  A  wider  pulse  will  be  created  from  an  impact  on 
concrete  because  the  concrete  is  softer  than  the  metal  load-cell.  Howe-.’er, 
the  rise  time  will  still  be  sharp  when  the  hammer  impacts  the  concrete 
directly,  A  typical  rebound  hammer  is  shown  in  Figure  36. 

62.  With  these  sharp  impact  pulses,  the  rise  time  of  the  pulse  becomes 
the  determining  criterion  that  creates  the  high-frequency  energy  rather  than 
the  pulse  width  as  is  the  case  with  the  sine  wave.  If  the  rise  time  is  short 
in  comparison  with  the  pulse  width,  as  much  as  100-percent  overshoot  is 
present  (caused  by  subsequent  excitation  of  the  transducer  natural  period) . 

If  filtering  is  not  used  to  attenuate  the  ringing,  then  it  is  desirable  for 
the  transducer  to  have  a  natural  period  of  one- third  the  rise  time,  or  le.ss. 

If  it  take.s  5  /i.sec  for  a  70 -/jsec  -  wide  pulse  to  rise,  then  a  re.sonant 
transducer  with  a  natural  period  of  l-2/3-/i.sec,  or  les.s,  would  be  requii'ed  to 
accurately  reproduce  the  pulse  without  ringing  and  overshoot.  That 
corresponds  to  a  transducer  having  a  resonant  frequency  of  600  kllx . 

63.  In  summary,  a  transducer  must  have  invich  shorter  natural  [lerioti  to 
reproduce  the  actual  shape  of  a  rectangular  pulse  than  is  required  to 
reprofluce  a  half -cycle,  sinvtsoidal  pulse.  Or,  (-quiva  U-nt  ly ,  the  resonant 


Figure  35.  Typical  load-pulse  produced  front 
impact  on  concrete  with  a  Schmidt  rebound 
hammer.  Pulse  is  about  70  fisec  wide  with 
amplitude  near  5,000  lb  of  force.  Rise  time 
is  less  than  10  jusec 


Figure  36.  A  typical  model  of  a 
Schmidt  rebound  hammer  tradition¬ 
ally  used  to  measure  the  rebound 
number  of  concrete  (ASTM  C  805) 
(ASTM  1992).  In  this  investiga¬ 
tion  it  was  used  to  generate 
stress  wave  energy  for  ultra¬ 
sonic  pulse-echo  measurement. s 


frequency  of  the  transducer  must  be  much  higher  to  reproduce  rectangular 
pulses  than  to  reproduce  sinusoidal  pulses. 


PZT-Steel  Rod  Transducer  and  Rebound  Hammer 


64.  Figure  37  shows  the  first  iinpact-eclio  transducer  built  at  the 
US  Army  Engineer  Waterways  Experiment  Station  (USAEV/ES)  for  use  on  concrt'te. 

A  piezoelectric  element  was  bonded  to  a  steel  rod  7  ft  long  and  1/2  in.  in 
diameter.  A  1/2-in. -diam  PZT  element,  about  1/16  in.  thick  and  initially 
resonant  at  1.2  MHz  while  unbonded,  was  bonded  with  silver  epoxy  to  the  lowt-r 
end  of  the  rod.  A  short  piece  of  rod  1-1/2  in.  long  was  bonded  to  the  other 
face  of  the  crystal.  It  took  840  iisec  for  a  longitudinal  pulse  to  travel  from 
the  piezoceramic  to  the  top  of  the  rod  and  bark  to  the  crystal.  This  allcv.'ed 
enough  time  to  receive  a  number  of  echoes  from  the  9-in, -thick  slab  shown  in 
the  photograph  before  the  pulse  emanating  from  the  back  side  of  the  crystal 
could  return  and  interfere  with  the  pulse  that  left  the  front  face  of  the 
crystal.  The  two-way  travel  time  in  the  slab  was  102  psec.  The  energy  was 
introduced  into  the  slab  with  a  Schmidt  hammer  (Figure  36).  Initially,  to 
increase  the  introduction  of  high  frequencies  into  the  concrete,  a  piece  of 
1/4- in .- thick  steel  was  bonded  to  the  surface  of  the  concrete,  and  the  impact 
was  made  on  the  steel  plate.  The  sonic  pulse-echo  measurement  i.s  shown  in 
Figure  38.  At  least  three  echoes  can  be  seen  at  100,  200,  and  300  psec .  The 
top  of  Che  waveform  is  clipped  as  the  input  amplifier  is  being  overdriven  due 
Co  the  high- amplitude  acoustic  energy  from  the  hammer.  Tliis  Hopkinson  Bar 
type  of  transducer  demonstrated  that  measurements  can  be  made  when  a  sensitive 
broadband  receiver  is  available.  However,  the  long  rod  is  not  practical  for 
field  work  and  would  probably  never  be  feasible  for  detecting  interfaces  in 
concrete,  In  Figure  39,  a  pulse-echo  mtsasurement  i,s  shown  where  .m  impi.ict  w.s.s 
made  directly  on  concrete,  remote  from  t.he  steel  plate.  The  I'O.A  is 
approximately  100  p.sec ,  The  rise  time  i.s  obviuu.sly  too  .slow  lor  making  ,m 
accurate  thicknes.s  mea.surement  .  However,  the  riH'a.sureitifuU  may  he  r  i  .s  f  ac  t  n  r  v 
over  a  longer  penetration  depth. 


Figure  37.  PZT  piezoelectric  element  bonded  to  end  of 
7-ft  steel  rod  used  to  make  pulse-echo  measurements 
on  concrete  slab.  Analogous  to  function  of  a 

Hopkinson  Bar 
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Figure  38.  Echoes  from  concrete  slab  de¬ 
tected  with  PZT-steel  rod  transducer. 
Impact  made  on  steel  plate  bonded  to 
concrete  surface 
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Figure  39.  Echoes  from  concrete  slab  de¬ 
tected  with  PZT-steel  rod  transducer. 
Impact  made  directly  on  concrete  surface 


PZT-Steel  Rod  Transducer  and  Shot  Pellet  (BB*)  Pistol 


65.  At  this  point,  measurements  of  the  reflected  impact  pulse  showed 
that  it  lacked  the  necessary  rise  time  and  sensitivity  for  the  accuracy  needed 
in  pulse-echo  measurements  in  concrete  for  thin  sections.  Too  much  of  the 
energy  was  in  tlie  sonic  range  rather  than  the  ultrasonic  range.  In  other 
words,  a  much  shorter  load-pulse  was  needed  with  higher  intensity.  An  air 
pistol  that  shot  standard  commercial  pellets  was  obtained.  The  small 
projectiles  were  fired  onto  a  steel  plate  epoxied  to  the  surface  of  the 
concrete.  Successful  measurements  were  made  on  a  3-in. -thick  slab  using  the 
steel  rod  transducer.  However,  even  though  the  impact  pulse  was  about  20-jusec 
wide,  the  measurements  lacked  sufficient  accuracy.  Since  the  first  dip  in  tiie 
frequency  spectrum  would  occur  at  75  kHz,  as  explained  in  Part  II,  the  main 
energy  would  lie  below  that  value.  Steel  balls,  which  are  much  harder  than 
the  air  gun  pelle.ts,  might  yield  shorter  load  pulses.  This  was  not  tested. 
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PZT  Aluminum  Rod  Transducer 


66.  Another  rod  transducer  was  built,  this  time,  from  aluminum.  It 
also  consisted  of  a  PZT  element  resonant  at  1.2  MHz,  before  damping.  The 
acoustic  impedance  of  aluminum  is  closer  to  concrete  chan  steel,  and  it  was 
hoped  this  might  improve  measurements.  Also,  Che  rod  was  only  about  3  ft  long 
as  compared  with  the  steel  rod  of  7  ft.  No  significant  improvement  was  noted. 


J ames  V-meter  T ransducer  and  Lead  Backing 


67.  A  mosaic  of  PZT  elements  taken  from  a  James  Electronic's  transduce:!' 
resonant  at  54  kHz,  shown  in  Figure  40,  was  used  with  a  backing  of  epoxy  mixed 
with  lead  powder.  The  transducer  was  20  in.  long  and  weighed  35  lb.  The  idea 
was  to  terminate  the  back  side  of  the  crystal  in  its  own  characteristic 
impedance  with  the  backing  sufficiently  long  and  sufficiently  attenuative  to 
totally  prevent  reflections.  This  would  allow  the  transducer  to  be  shorter  in 
length  than  the  rod  transducers  and  field-worthy.  Here,  the  idea  was  to  match 
the  backing  with  the  PZT  in  its  acoustic  impedance  so  that  the  transmission 


coefficient  was  high  at  this  interface.  Once  all  the  energy  was  introduced 
into  the  backing  without  reflections  at  the  interface,  it  was  hoped  that 
enough  lead  was  added  to  the  crystal  backing  to  dissipate  the  energy  before  it 
could  reflect  from  the  back  surface  of  the  backing  and  return  to  the  crystal. 
Bandwidth  curves  are  shown  of  the  transducer  mosaic  before  and  after  damping. 
Figures  41  and  42  illustrate  the  frequency  characteristics  of  the  undamped  and 
damped  transducer,  respectively. 

68.  Obviously,  the  damping  was  successful  (as  far  as  the  response  being 
made  flat)  throughout  the  frequency  range  of  interest.  However,  the 
sensitivity  was  reduced  considerably  by  the  damping.  The  sensitivity  was 
reduced  more  than  was  necessary  as  the  lead/epoxy  backing  produced  a  partially 
shorted  path  for  the  output  voltage  at  the  interface  where  the  ceramic 
crystals  were  molded  into  the  backing.  Earlier  experiments  had  shown  that  a 
larger  grain  combined  with  epoxy  had  high  electrical  insulation  properties. 
This  was  not  the  case  with  this  150  fim  (No,  100  sieve)  powder.  The  thickness 
measurement  on  the  9- in.  slab  is  shown  in  Figure  43.  A  low-pass  filter  was 
used  to  pass  frequencies  below  10  kHz. 


Underwater  Explosive  Measurements  on  Concrete 

69.  Impact  pulse-echo  measurements  were  made  underwater  over  a  4-ft- 
thick  concrete  slab.  The  stress  waves  were  generated  by  small  explosive 
charges.  The  tests  were  made  in  a  shallow  water  basin  about  100  ft  square 
with  4  ft  of  water  over  a  20-  by  40-  by  4-ft  concrete  slab.  Charges  of 
0.87  g  (cap  only),  22  g  and  higher  levels  provided  the  source  of  stress  wave 
energy.  However,  pulse-echo  signals  were  obtained  only  with  the  0.87-  and 
22 -g  source.  The  depth  of  the  charge  and  pressure  gages  were  all  3.5  ft  below 
the  surface  of  the  water  (0.5  ft  in  height  above  the  surface  of  the  concrete 
slab).  Numerous  pressure  gages  were  located  in  a  line  at  various  horizontal 
distances  from  the  location  of  the  charge,  but  only  the  results  are  shown  in 
Figure  44  for  the  sensor  located  at  a  separation  distance  of  1.28  ft.  The 
charge  mass  was  0.87  g.  The  charge  was  an  RP-83  EBW  detonator  manufactured  by 
Reynolds  Industries,  Inc.  The  detectors  of  the  stress  waves  were  Model 
PCB138A10  tourmaline  pressure  gages,  resonant  at  1  MHz  and  with  a  range  of 


Figure  41.  Bandwidth  of  a  PZT  mosaic 
transducer,  undamped 


Figure  42.  Bandwidth  of  a  PZT  mosaic 
transducer,  damped 
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Figure  43.  Thickness  measurement  on  9 -in, 
thick  concrete  slab  with  PZT  epoxy/lead- 
backed  transducer 
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Figure  44.  A  longitudinal  echo  reflected  from  base'  of  a  4-1 
thi('k  .slab  having  a  TOA  of  0.74  msec.  Tlu  strc.s,s  v/ave  eners 
was  created  by  an  impact  from  a  0.87-g  charge  exploding 
underwater  0.5  ft  above  the  concrete 


10,000  psi,  manufactured  by  PCB  Piezotronics .  Operation  of  the  gage  occurred 
in  the  broadband  portion  of  the  frequency  response  curve  below  resonance. 

70.  Numerous  arrivals  of  waves  can  be  seen  from  Figure  A4 ,  a  typical 
TOA  plot.  The  wave  with  the  sharpest  front  and  highest  amplitude  is  the 
longitudinal  direct  wave  arriving  at  0.24  msec.  The  expected  arrival  time  was 
calculated  to  be  0.256  msec  based  on  the  separation  distance  of  1.28  ft 
between  the  charge  and  the  sensor  and  an  approximate  textbook  velocity  of 
5,000  ft/sec  for  the  longitudinal  velocity  in  water. 

71.  Arriving  just  behind  the  direct  wave  is  the  lower-a/upl  i  tude 
reflected  longitudinal  wave  from  the  top  surface  of  the  concrete  with  a  TOA  of 
about  0.31  msec.  The  expected  TOA  was  calculated  to  be  0.325  msec  based  on  a 
calculated  distance  of  1.62  ft  and  the  approximate  textbook  water  velocity  of 
5,000  ft/sec.  Finally,  the  low  amplitude  pulse  with  a  TOA  of  0.74  msec  was 
the  main  pulse  of  interest.  The  TOA  agrees  with  the  time  required  for  the 
pulse  to  travel  from  the  explosive  source  to  the  coiicrete  surface,  refract 
into  the  concrete,  reflect  from  the  base  of  the  concrete  slab  to  the  top 
surface  of  the  concrete  and  to  refract  into  the  water  to  be  received  by  the 
pressure  gage  (Krautkramer  and  Krautkramer  1977).  Although  rays  of  energy  are 
emanating  from  the  explosive  source  from  many  angles,  there  is  only  one 
particular  angle  and  ray  path  that  will  satisfy  "nell's  law  of  refraction  and 
reflection  in  the  water  and  concrete  and  permit  detection  at  the  receiver. 

The  angle  of  incidence  from  the  water  calculates  to  a  value  of  6.5  deg  and  the 
angle  of  refraction  into  the  concrete  is  8.3  deg, 

72.  Only  the  smaller  charges,  the  0.87-g  and  22-g  charges,  produced 
unmistakable  echoes  from  the  base  of  the  slab.  The  larger  charges  did  not 
produce  visible  echoes.  In  both  cases,  the  data  record  wa.s  untreated  in  terms 
of  signal  processing.  The  reason  for  the  lack  of  echoes  from  the  larger 
charges  is  not  understood  but  may  be  a  result  of  the  difference  between  the 
shape  of  the  wave  front  produced  by  the  variable  sizes  of  the  charges  in 
relation  to  the  gage  location  distance.  The  small  charges  will  approximate  a 
better  point  .source  (and  hence  a  better  spherical  wave  front),  since  tlie  r.it.io 
of  the  charge  diameter  to  the  travel  path  i  ,s  .smaller  th.'ui  for  '.lie  Larger 

d  i.  a  me  t;  e  r  c  ha  r  ge  s  . 

7'>.  The  ratio  of  the  di.:.s  i  ralj  le  pulse-eclio  .signal  amp  1  i  i  uda  to  il;<’ 
unde.si  table  direcH.  wave  and  other  noi.se  must  he  iiiiprovial  if  the  t  •.■citii  i  ijiu  is 


Co  be  used  in  the  future  for  crack  detection  measurements  in  concrete. 
However,  due  to  the  fact  chat  very  little  progress  has  been  made  by 
investigators  in  performing  pulse -echo  measurements  in  concrete  by  any  means, 
it  is  an  encouraging  development  that  echoes  were  detected  with  this  method. 
To  the  author's  knowledge,  there  is  no  published  report  of  any  pulse-echo 
results  from  the  testing  of  concrete  by  the  use  of  explosives  in  water  or  air 
It  was  not  known  a  priori  the  longitudinal  velocity  of  the  field  concrete  or 
whether  the  concrete  had  been  damaged  by  the  previous  blasts.  This  test 
verified  the  soundness  of  the  concrete  as  the  longitudinal  velocity  was 
calculated  to  be  13,470  ft/sec.  Test  cylinders  measured  at  28  days  had  shown 
that  the  average  velocity  was  14,000  ft/sec.  However,  one  can  never  be  sure 
that  the  samples  taken  are  clearly  representative  of  the  final  field-placed 
concrete.  No  more  than  a  5 -percent  difference  in  velocities  for  most 
situations  is  expected.  The  results  are  within  that  range  of  variation. 

Accelerometer  and  Rebound  Hammer  on  Basement  Floor 

74,  Limited  tests  were  made  on  determining  the  thickness  of  a  concrete 
slab  with  an  impact- resonant  technique  (Thornton  and  Alexander  1987), 
Previously,  resonant- frequency  measurements  had  been  made  in  the  time  domain 
using  continuous  waves  (Muenow  1963).  However,  these  later  impact  tests 
involved  analysis  in  the  frequency  domain.  The  received  signal  was  displayed 
on  a  frequency  analyzer.  In  this  test  the  longitudinal  resonance  in  the 
thickness  direction  was  detected  with  a  broadband  pickup,  i.e.  a  pickup  that 
was  broadband  in  the  frequency  range  of  the  particular  resonance  of  interest. 
Figure  45  shows  a  resonance  at  4,200  Hz.  The  concrete  slab  tested  was  1.5  ft 
thick  and  was  backed  by  soil.  The  energy  was  introduced  with  a  Schmidt 
rebound  hammer,  and  the  reverberations  were  detected  with  an  accelerometer. 
The  equation  describing  the  relationship  is 

v=2fl  (12) 


where 


V  =  concrete  velocity,  feet/second 
f  “  frequency  of  resonance,  hertz 
1  =  thickness,  feet 


0  2  4  6  8  10 

FREQUENCY.  kHz 


Figure  45.  Response  spectrum  from  a  1.5-ft- 
thick  concrete  slab  from  an  impact  with  a 
rebound  hammer.  This  represents  an  impact - 
resonance  measurement  rather  than  an  impact - 
echo  measurement 


The  above  measurement  gave  a  thickness  of  1.55  ft.  The  ultrasonic  velocity 
used  in  the  calculation  was  determined  on  a  concrete  wall  adjacent  to  the 
concrete  slab  w’hich  was  measured  with  a  through-transmission  ultrasonic  pulse- 
velocity  instrument.  The  wall  and  floor  were  a  inonolitliic  placement  at  the 
time  of  construction. 

75.  Since  the  area  of  the  hammer  tip  is  small,  the  distribution  of  the 
energy  introduced  into  the  concrete  would  spread  out  in  a  hemispherical 
pattern  with  no  apparent  directivity.  It  would  be  considered  a  point  source. 
When  rays  of  energy  enter  at  an  interface  at  angles  other  than  normal,  mode 
conversion  takes  place  and  other  waves  are  produced  (such  a.''  shear  waves  and 
Rayleigh  waves).  See  paragraph  7.  These  combine  with  the  longitudinal  wave 
to  create  unwanted  resonances,  which  probably  produced  the  broad  band  of 
energy  displayed.  However,  the  desired  longitudinal,  resonance  .seems  to 
dominate . 
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FAPT  V;  L^\BORATORY  WORK  ON  RKSONANT  TRANSUl'Oi-RS 

('.ons  i  dt'i'at  i  ons 

'■'u.  At  the  hegiutiing  of  this  researcVi  I'oi^r^iin ,  thv  liuiii.  i  i  ; 

damp  a  p  i  o  :'oo  lec  cr  ic  eleiitriir  so  as  to  produce  u  frequertcv  respijiaii-  A..,: 

was  uniforip  (flat;  (Thornton  and  Alexatuler  l')87;.  It  wa-:  S.iter 

it  was  piersT'.i'is  ible  for  the  transducer  to  rlnt;  for  a  fev;  cvcles  '  1  rt-cueta 
r-sspotise  curve  would  have  a  peak)  without  obscuring  the  arrival  a  I  t.-hcx-s.  1’ 
is  tlio  excessive  ringing  in  the  transducers  that  is  responsiblr^  for  i  nr 

tlie  arrival  of  echoes.  Some  ringing  is  in  order,  because  it,  la- Ins  to  sust.iin 
a  large  fraction  of  the  higii  undamped  sensirivitv.  If  a  tr/u:  aiuc,  f  is  bei-;r 
used  as  a  receiver,  it  is  tiecesstiry  for  the  echo  -  ext:  i  t  ed  I'iisr.inr,  'la 
transducer  to  stop  before  a  second  echo  from  another  interfact  arrives  ar;ti  i  an 
bfe  recorded.  Tlie  solution  is  to  reduce  the  mechauicai  Q  of  the  t  raicjaiuct-r 
without  excessively  sacrificing  its  sensitivity. 

77.  The-  idea  of  using  a  resonant  ultrasonic  receiver,  ratin' r  tiian  ,.i 
nonrti.sonant  one,  was  tVien  considered.  The  greatest  sensitivitv  of  .i  ct-r.in:i- 
element  e>:ist.s  at  the  in-sonant  frequency.  The  ring-tiiiK:  tneti  op.lv  Ik-  I-  .-:; 
than  the  time  htr r,v;eeti  echotes.  Since  an  iii!p.;ii  t  consi.sts  of  bre-  nth.ip.d  t-ni  ri'". 
it  was  considered  titar  the  h  i  ghe  r  -  f  tn-qut-nc  v  compoiu-nt:<j  frent  -in  in.pac:t  (ouAj 
exploitcid  to  excite  a  damped,  v;ide!jand  rt-ceiver  in  the  ultrasonic  f  r<,,qvu  nc  v 
range.  Th.e  Low- f  requenc/ ,  large- amp  1  it  e.ila  ,  (.uanpre.ss  i  oixi  1  loati-puhn- 
c.oinporse nt:-j  could  be  filtered  out  of  t.he  composite  signal  siru'e  it  is  noiss  tor 
all  prartical  pur[)ose.s.  V.irious  undamped  transducers  were  then  te.stcu. 

Aluio.st  evi.-rv  r  i  ii-e ,  the  ri.'sonance  was  so  Low  in  .implitude  tisat  it  crnilti  nfiT  lie 
.Sf-er:  in  the-  pre.senc!  of  the  1  ower  -  f  reque'.oy  ('omjioneiit of  tin  ii;:jsic:  ;iv,l-n 
By  using  .a  high-p.i'u:  fillet  v;ith  the  <'Ut(,ff  1  requenev  ibo-’e  rhe  low,  ; 
f  rerpienc  i  f  s  that,  make  up  the  !f)afl  i>ulse  spectium  (hut  .  h.;- l('w  thi  iS  'vn!!;: 
fre'iuenry  of  the  crystal;,  the  visihilitv  of  the  rer.on.inee  wse,  vb.iiu  .  d 

Jit' a.'u.irt-ite titji„_(yn_ Sj g  e j 

/H.  iiiip.!rtr;  producf:  energy  Inr/inf;  t  I'ef.  juene  i  e  t;  in  the  tin  isii.-  ;  :  , 

r/inge  i"  Krau  t  k  tame  r  and  Krautkrainer  1 7  /  )  .  l'igur>-  do  '.iiows  a 


«■  t  '  '  ,  ' 


STEEL  BALL  BEARING 


Figure  46.  Measurement  setup  for  making  an  ultra¬ 
sonic  pulse-echo  measurement  on  a  6- in.  high  metal 
block  with  stress  wave  generation  by  impact  from 
dropping  a  steel  ball  from  a  height  of  about  1  ft 

verified  this.  A  small  3/16  -  in . -diam  steel  ball  was  dropped  from  a  height  of 
10  or  12  in.  on  a  6-in. -high  steel  block.  (The  smaller  the  diameter  of  the 
steel  ball,  the  greater  the  production  of  higher- frequency  energy).  Steel  was 
used  to  indicate  the  presence  of  high-frequency  energy  from  an  impact,  since 
it  is  a  better  physical  model  than  concrete.  Even  with  the  steel  having  a 
much  smaller  grain  size  with  very  low  attenuation  properties  compared  with 
concrete,  the  detection  of  the  low  level  2.25-MHz  signal  was  pushing  the 
limits  of  the  capability  of  our  electronics.  The  transducer  has  a  Q  of  about 

5  and  v/as  resonant  at  2.25  MHz.  It  was  0./50  in.  in  diameter,  a  Gamma  series 

Model  D25907,  manufactured  by  K.  B.  Aerotech,  In.c. 

79.  An  impact  generates  various  modes  of  energy  including  longitudinal, 
transverse,  and  surface  waves.  Also,  since  the  impact  occurs  over  a  small 
area,  1/2  in.  in  diameter  (rebound  hammer),  it  would  be  considered  a  point 
source  for  the  frequencies  below  100  kHz.  Sinct'  the  energy  from  a  point 
source  has  a  wide  angle  of  divergence,  various  modes  and  uiwanted  waves  .;ire 
created.  Because  of  tlu!  many  modes  of  vibration  and  the  variou.s  ultrasuinr 
'wave.s  creat(!d  c.six'c  i  a  11  y  at  low  f  rerpjeiic:  i  es  ,  it  is  m-ce.s.sary  (o  provide  h  i  r.h  ■ 

pass  filtering  to  eliininate.  the  lowe  r  -  frequency  wave.s. 
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80.  The  following  data  were  obtained  on  a  steel  block  that  was  2.4  in. 
thick.  The  received  signal  shown  in  Figure  47  was  first  filtered  witli  a  dual- 
channel  Krohn-Hite  Model  3202R  electronic  filter.  Cutoff  wa.s  sec  at  1  .MHz  in 
the  high-pass  mode  with  both  filter  units  in  series  to  improve  the  attenuation 
below  1  MHz.  The  attenuation  rate  was  48  db/octave  'when  both  uriits  were 
connected  in  series.  The  signal  was  then  high-pass  filtered  again  by  a 
Panametrics  Model  5055PR  pulser/receiver .  The  iiigh-pass  cutoff  was  set  at 
300  kHz.  The  resulting  signal  was  recorded  on  a  Model  2090  Nicolet  digital 
processing  oscilloscope  with  floppy  disc  data  storage.  Usually  each  signal 
was  recorded  at  50  or  100  nanoseconds  per  point  for  a  total  of  1,024  points. 
Echoes  can  be  seen  occurring  every  21  fisec .  This  TOA  agrees  with  the 
measurement  made  from  a  commercial  UPE  unit  for  metals.  Modes  other  chan  the 
desired  longitudinal  mode  can  be  seen  in  the  plotted  curve,  but  the  desired 
echo  predominates.  Also  a  6-in.  steel  block  was  measured  and  the  separation 


Figure  47.  Eciiocu;  from  a  2 . 4  -  i  n  .  -  tdii  <,:k  .stf'cl  block  wiili  the 
stre.ss  wave  energy  introduced  by  impact  f  i  tan  dropping  n 
.stec'l  ball  onto  the  surface.  Cent;er  fre!]ueiicv  t  r.iiisdvirc- r 

i.s  2  5  MHz 
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time  was  51  /isec  for  cliose  echoes.  The  Panametr  i  cs  .Model  iOlS  raiisdvK'i-r , 
resonant  at  about  500  kHz,  was  also  used  successfully  wlcli  both  iiietal  piece.s, 

81.  Because  of  the  large  grain  size,  a  transducer  frequency  of  2./’)  M.H 
obviously  produces  a  wavelength  too  short  for  typical  concrete  (less  th.-ni 
0.1  in.).  However,  the  test  demonstrated  the  potential  of  an  impact  fro-n  a 
steel  ball  to  produce  high-frequency  ultrasonic  energy.  The  irieasureinerir  .s  oii 
steel  help  to  define  the  type  of  signal  processing  chat  will  be  needed  for 
similar  lower- frequency  impact  measurements  on  concrete.  Tlie  aurlior  i.s  not 
aware  of  any  literature  that  references  UPE  measureiiients  on  scet-i  by  inipacr. 

High-Frequency  Energy  Transmitted  through  Concrete 

82.  A  test  was  set  up  Co  determine  if  200-kHz  energy  could  be 
transmitted  through  3  ft  of  concrete.  The  lead  inetaniobate  ( LM )  trar.-cd  ..-.v’r 
has  its  primary  resonatice  at  about  190  kHz  (Figure  3).  The  rebound  hairiiier  wa 
used  to  impact  one  end  of  the  3- ft  concrete  beam  and  the  LM  transducer  •was 
used  as  a  receiver  at  the  opposite  end.  The  test  setup  is  shovvia  in  Figure  dS 
The  filter  from  the  Panametrics  Model  5055PR  pulser/rece iver  was  u.se  to  high 
pass  the  energy  above  100  Khz.  A  Wavetek  Model  446B  spectrum  analyzer  was 
used  to  measure  the  frequencies  of  the  transmitted  energy.  Energy  was 
transmitted  that  caused  the  LM  transducer  to  resonate  at  190  kHz  (Figure 

Rebound  Hammer  and  Lithium  Sulfate  Receiver 


83.  In  Figure  50  a  measurement  setup  is  shown  for  making  an  UPE 
measurement  on  a  6-in. -thick  concrete  slab.  The  energy  was  introduced  into 
the  concrete  with  a  rebound  hammer  and  tht^  echoes  received  by  a  damped 
1  i  til  i  uiu- sul  fate  receiver  custom-built  by  Automatioii  Sperry  Cori'ivn)  >■  ,  The 
transducer  'vjas  resonant  at  100  kHz  'with  a  0  of  3.  An  elec'cronie  dual-uni; 
filtt^r  .Model  3202R  by  Krohn-Hite  was  u.sed  t;o  }>.'indpas,s  eiu  rgv  r,  i>ti'red  aiiiun.ii 
100  kHz.  Botii  unit.s  wcrt’  connected  in  .sc-rie.s.  The  lower  cutoi!  ireqiuiicv  w,, 
set.  at  80  kHz,  and  the  u]>(.)er  cutoff  f  I’t^qvieiicy  i-.'a,';  set,  at  150  kli;;  .  Tlu*  echoi 
can  be  .secTi  in  Figure  51.  The  echotus  are  equally  .spaced  atioul  ]IH)  ap.ar* 

whicli  i..s  tlu'  correct  t'wo-way  travel  l  iiiu\  tor  the  longitudinal  p-uL.e,  Tlie 
’■/ft  1  oc  i  I:  y  in  rhi.s  concrtOc  i.s  con.sidered  low  tit  10,000  ft/si'c. 
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REBOUND 

HAWMER 


METANIOBATE 

TRANSDUCER 

Figure  48.  Measurement  setup  for  detecting  frequency  of 
energy  with  lead-metaniobate  transducer  through  3  ft  of 
concrete  from  impact  with  a  rebound  hammer 


Figvire  49.  SpC'Ctrum  of  energy  ihi'ough  '-ft  • 
lotig  concrete  fjfcuim .  fToncrctU'  pa.ssed  191)  kii;’ 
energy.  finergy  lia.s  been  uttt'nuat.t.'t!  below 
loo  kHz  by  electrical  fllt.ering 
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BAND  PASS  digital 


Figure  50.  Measurement  setup  to  make  impact  pulse-echo 
measurement  on  6-in. -thick  concrete  slab  using  rebound 
hammer  and  lithium-sulfate  transducer 


Time,  /isec 

Figure  51.  Ultrasonic  pulse-echo  measure¬ 
ment  on  6-in. -thick  concrete  slab  using  a 
rebound  hammer  and  lithium-sulfate 
transducer 


PZT-C5500  Transducer  and  Reljoimd  Hammer 


84.  A  number  of  PZT-C5500  ceramic  elements  were  purcha.sed  tor  tlie 
purpose  of  attempting  to  detect  echoes  in  concrete  from  impact  measureiiiont s , 
The  elements  were  1/4  in.  in  diameter  and  1/4  in.  in  length.  The  undamped 
natural  frequency  was  about  200  kHz.  The  bandwidth  measurement  is  shown  in 
Figure  52.  A  2 -in.  backing  of  tungsten- loaded  epoxy  was  used  to  damp  the  PZT 
element.  The  tungsten  has  a  high  acoustic  impedance  and  closely  matches  that 
of  the  PZT.  A  1/4-in. -long  faceplate  of  aluminum  was  installed  on  the  front 
face  of  the  crystal.  The  transducer  is  shown  in  the  lower  left-hand  corner  of 
Figure  53.  A  small  wire  was  soldered  to  the  silver  electrodes  on  the  back 
side,  and  a  thin  foil  of  brass  was  cemented  with  silver  epoxy  between  the 
aluminum  face  plate  and  front  electrode  of  the  crystal.  The  ground  end  was 
tied  to  this  foil.  The  bandwidth  measurements  of  the  damped  ceramic  are  shown 
in  Figure  54.  The  main  resonance  has  been  reduced  to  180  kHz  and  various 
extraneous  modes  of  vibration  are  present  due  to  the  high  mode -convers ion 
properties  of  PZT. 

85.  Again,  UPE  measurements  were  made  on  the  9- in. -thick  slab  using  the 
Model  L-6  Schmidt  hammer  directly  on  the  concrete  (Figure  55).  Disregarding 
the  first  pulse  (beginning  of  oscilloscope  trace  does  not  coincide  with 
beginning  of  impact),  each  succeeding  pulse  is  roughly  100  nsec  apart.  (The 
velocity  in  this  concrete  is  high  at  approximately  15,400  ft/sec)  However, 
the  response  from  a  second  impact  would  not  always  duplicate  the  previous  one. 
Results  were  somewhat  confusing  but  hopefully  future  investigation  should 
reveal  the  source  of  confusion.  It  appears  that  surface  waves  are  not  that 
serious  a  problem  even  though,  according  Co  diffraction  theory,  there  is  no 
directivity  in  the  beam  profile  created  from  a  small -area  impact, 

86.  Figure  56  shows  the  measurement  setup)  used  to  make  an  UPE 
measurement  on  the  3 -ft- long  concrete  beam.  The  rebound  hammer  was  used  to 
introduce  the  stress  wave  energy  into  the  concrete,  and  the  small  diameter 
PZT-C5500  transducer  was  used  to  detect  the  echoes.  A  voltage  divider  was 
used  to  reduce  the  high  impact -voltage  so  that  it  would  not,  paralyze  the  input 
amplifier  of  the  Panametrics  Model  5055PR  pulser - amp  1 i f ier - f i 1 1 e r .  The  high- 
pass  filter  was  set  to  a  cutoff  frequency  of  300  kHz,  and  the  following  Krol)n- 
Hite  Model  3202R  active  high-pass  filter  wa.s  set  to  a  cutoff  frequency  of 
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Figure  52.  Bandwidth  measurement  of  un¬ 
damped  PZT'C5500  element  ( 1/4- in . - diam 
and  1/4 -in.  length) 


Figure  53.  Various  transducers  constructed  for  ul¬ 
trasonic  pulse -echo  measurements  in  concrete.  Note 
PZT-C5500  transducer  receiver  in  lower  left-hand 

photograph.  The  tran.sducer  has  a  1/4-in.- 
long,  1/4 -in. -diam  aluminum  faceplate  and  a  2-ui. 
backing  of  tungsten-epoxy 
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Figure  54,  Bandwidth  measurement  of 
damped  PZT-C5500  transducer 
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Figure  55.  Pulse-echo  measurements  on 
9-in. -thick  slab  using  PZT-C5500  trans 
ducer  receiver  and  Schmidt  rebound 
hamme  r 


Figure,  56.  Measurement  setup  to  make  ultrasonic  pulse- 
echo  measurement  on  3-ft-long  concrete  beam  from  impact 
with  rebound  hammer.  Detection  is  with  PZT-C5500 
transducer.  Frequencies  below  500  kHz  were  highly 
attenuated  by  electrical  filtering 


500  kHz.  The  resulting  signal  was  recorded  on  a  Nicolet  Model  2090  digital 
oscilloscope.  The  filtering  attenuated  the  low-frequency  sonic  and  ultrasonic 
energy  considerably  and  permitted  the  higher  frequency  ultrasonic  energy  to 
dominate.  As  can  be  seen  in  Figure  57,  echoes  were  received  with  separation 
times  of  approximately  500  psec  which,  incidentally,  is  the  correct  two-way- 
travel  time  in  the  3-ft-long  concrete  beam  for  a  longitudinal  pulse.  This 
funding  is  significant  in  that  such  high-frequency  energy  would  not  be 
expected  to  be  transmitted  through  the  highly  attenuative  concrete.  The 
frequency  of  the  pulses  is  centered  around  750  kHz.  Significant  scattering, 
of  course,  occurred  from  the  coarse  aggregate  as  one  would  expect  for  tliat 
short  a  wavelength  (=  0.2  in). 

87.  Finally,  in  Figure  58  sonic  echoes  are  shown  resulting  from  an 
impact  of  the  rebound  hammer  on  one  end  of  the  3-ft-long  beam.  The  echoes 
were  detected  by  the  small  PZT-C5500  transducer  with  operation  occurring  in 
the  low-frequency  broadband  part  of  the  frequency  response  curve  without 
filtering.  Every  other  echo  is  the  correct  echo  time  of  500  .  Tlu-  iniitact 

pulse  width  from  Che  rebound  hammer  is  about  120  /^sec . 


Figure  58.  Ultrasonic  pulse-echo  measurement 
on  3-ft-long  concrete  beam  by  impact  from  a 
rebound  hammer  and  using  1/4-in. -diam  PTZ- 
C5500  transducer 


PART  VI:  CONCLUSIONS 


88.  It  is  presently  possible  to  make  ultrasonic  through- t ransiniss Ion 
measurements  on  hardened  concrete.  This  can  be  accomplished  through  distances 
of  about  25  ft  using  undamped  transducers  operating  around  50  kHz  with 
commercially  available  equipment.  Intuitively,  one  would  suspect  that  I'PE 
measurements  could  at  least  be  made  over  a  number  of  feet,  even  though  the 
wideband  transducers  required  for  UPE  measurements  are  not  as  sensitive  as  the 
narrowband  transducers  used  in  through-transmission  measurements.  So  far, 
there  does  not  exist  in  the  literature  any  measurement  data  on  the  important 
property  of  concrete  wave  attenuation.  This  missing  information  makes  it 
difficult  to  predict  the  potential  penetrating  power  of  an  UPE  system.  The 
present  use  of  impacts  for  crack-detection  measurements  is  almost  limited  to 
listening  by  ear  to  the  sounds  emanating  from  sound  and  deteriorated  concrete. 
(However,  impact  resonant- frequency  measurements  using  a  transducer  receiver 
are  common.)  The  results  are  highly  subjective  and  are  not  useful  above  the 
range  of  hearing,  the  sonic  range. 

89.  A  number  of  sources  of  impact  devices  were  tested  in  this 
investigation.  Showing  potential  as  app.opriate  sources  of  UPE  energy  for 
concrete  structures  are:  steel  balls  shot  from  a  compressed  air  gun,  Schmidt 
rebound  hammer,  and  small  explosives.  The  pulse  duration  from  a  BB  impact  is 
around  10-20  /xsec ,  which,  fortunately,  generates  the  highest  energy  in  the 
range  of  frequencies  optimum  for  concrete.  The  primary  energy  appears  to  be 
somewhat  less  than  100  kHz  in  frequency,  although  energv  at  harmonic 
frequencies  would  be  higher.  Also,  the  force  level  should  be  high  enough  to 
permit  penetration  depths  of,  possibly,  tens  of  feet  into  concrete.  When 
dropping  large  steel  balls  having  diameters  of  3/8  to  1/2  in. ,  this  is  an 
excellent  source  of  energy  for  performing  resonant  -  frequency  measurement. s 
mainly  in  the  sonic  range  to  just  within  the  ultrasonic  range.  For  smaller 
steel  balls,  1/8  in.  in  diameter  or  less  and  shot  from  a  compre.s.sed-air  gun, 
this  is  a  potential  source  of  higher  -  frequency  ultrasonic  energy  for  making 
impact  pulse-echo  measurements  in  concrete. 

90.  The  Schmidt  hammer  has  a  wide  pulse -duration  of  about  70  /isec . 

This  would  appear  at  first  thought  to  limit  the  generation  of  stress  wave 
energy  in  the  ultrasonic  frequency  range  based  on  the  large'  pul.sc'  widrSi,  but 
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that  lack  of  energy  is  counteracted  by  the  existence  of  high-frequency  e-nergv 
contained  in  the  sharp  rise  time  of  the  load  pulse.  Energy  at  a  frequency  of 
190  kHz  was  easily  detected  through  3  ft  of  concrete  demonstrating  the 
penetrating  ability  of  the  rebound  hammer.  An  UPE  measurement  was  made  or:  a 
3-ft-long  concrete  beam  with  the  transducer  operating  at  a  center  frequcni v  of 
750  kHz.  This  indicated  tiiat  high-frequency  energy  was  containt'd  in  an  impact 
pulse  from  a  rebound  hammer.  Considerable  scattering  obviously  occurred, 
since  the  wavelength  (about  0.2  in.)  was  much  shorter  than  the  dimensions  of 
the  3/4- in.  coarse  aggregate.  Small  explosive  caps  were  capable  of  generating 
acoustic  energy  with  the  center  frequency  just  above  the  sonic  range. 

Although  no  practical  impact  UPE  system  was  developed,  numerous  backwall 
echoes  were  measured  from  opposite  surfaces  of  concrete  structures. 

91.  It  may  be  important  to  introduce  some  damping  into  a  transducer  to 
bring  the  bandwidth  into  the  appropriate  range  of  frequencies  without 
excessively  attenuating  the  sensitivity.  The  measurement  of  the  bandwidt’n 
should  be  performed  carefully,  as  outlined  in  the  body  of  the  report,  to  test 
the  performance  of  the  transducer  and  the  .succesc  cf  the  damping  operation. 
Tungsten  powder  mixed  with  epoxy  will  create  a  backing  that  closely  matches 
the  high  acoustic  impedance  of  piezoelectric  materials.  Electrical  bandwidth 
measurements  do  not  tell  the  complete  story.  The  frequency  spectrum  of  echoes 
from  tests  on  actual  specimens  should  be  measured  also,  since  the  mechanical 
bandwidth  may  differ  from  the  electrical  bandwidth.  A  transduceit '  s  rece.iving 
sensitivity  can  be  improved  considerably  by  tuning  out  the  undesirable  static 
capacitance  by  the  introduction  of  an  external  inductor  in  the  transducer 
circuit . 

92.  With  only  a  lii.iited  investigation,  it  would  seem  that  two  of  tiie 

main  concerns  of  impact  measurements  are  not  as  serious  a  problem  as  the 
theory  v/ould  indicate:  (1)  that  an  ultrasonic  source  of  small  area  will 

create  surface  waves  chat  will  interfere  v/ith  detection;  and  (2)  that  a  sharp 
impact  will  r:ot  produce  energy  with  higii  enougli  frequencie.s  to  introduci- 
ultrasonic  energy  into  the  concrete,  near  200  kHz.  One  disadvantage  of 
impacts  is  that  the  spherical  wave  front  from  an  impact  tends  to  generate  •.•Jiwe 
types  otiier  than  the  desired  longitudinal  wave  by  mode  conversion.  Al.so 
another  disadvantage  is  the  difficulty  in  locating  the  s.nirce  of  t.tie 
reflecting  feature  in  the  concrete  since  a  wide-angle  cone  -  sliapc^d  soutui 


pattern  will  transmit  (and  reflect)  energy  over  a  large  volnine  urKienii-ath  the 
haminer.  If  the  source  produced  a  small-angle  cone-shaped  pattern,  all 
reflecting  features  could  be  easily  located;  they  v;ould  be  directly  under  the 
hammer.  An  impact  hammer  with  a  short  contact  time  will  generate  ultra.sonic 
energy  (>  20,000  Hz)  as  well  as  even  higher  amplitude  sonic  energy 
(<  20,000  Hz) . 

93.  The  response  from  a  piezoelectric  receiving  element  due  to  an 
impact  made  on  a  concrete  plate  might  have  a  dynamic  range  as  high  as  80  db 
(100,000  times)  or  greater  separating  the  amplitude  level  of  the  sonic 
frequencies  from  the  ultrasonic  frequencies.  Most  electronic  amplifiers, 
oscilloscopes,  and  filters  will  not  respond  over  such  a  large  range.  It  is 
then  necessary  to  perform  high-pass  filtering  to  recover  the  low-level 
amplitude  high-frequency  components  from  the  high-level  amplitude 
low-frequency  components.  It  is  not  recommended  that  resistive  networks  be 
used  to  attenuate  the  signal  because  all  frequencies  will  be  affected  equally. 
Active  filters  cannot  be  used  in  the  front-end  stage  because  the  operational 
amplifier  would  be  paralyzed  by  the  high-voltage  output  from  the  transducer. 
Passive  filters  which  consist  of  passive  components  such  as  resistors, 
capacitors,  and  inductors  do  not  saturate  and  breakdown  due  to  high  signal 
levels  and,  therefore,  should  be  used.  Because  of  the  large  dynamic  range,  it 
will  be  necessary  to  have  at  least  a  rolroff  attenuation  of  about  24  db/oc.tave 
and  a  larger  rolloff  may  be  necessary.  A  one-pole  filter  yields  only  a 
rolloff  of  6  db/octave. 

94.  Specific  details  are  given  in  this  report  on  model  numbers  and 
manufacturers  of  equipment  so  that  interested  parties  can  easily  continue  this 
research.  It  is  believed  that  significant  gains  will  be  made  in  this  researcn 
when  some  sophisticated  DSP  techniques  are  applied  to  the  problem.  The 
surface  has  only  been  scratched  in  applying  DSP  to  this  problem  and  that 
appears  to  be  the  key  for  bringing  ovit  the  de.sired  hidden  information. 
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PART  VII:  RECOMMENDATIONS 


95.  The  investigation  showed  promise  that  an  impact-echo  system  could 
be  developed  to  operate  in  the  ultrasonic  frequency  range.  It  is  recommended 
that  the  research  be  continued  under  the  Repair,  Evaluation,  Maintenance,  and 
Rehabilitation  (REMR)  II  Research  Program  to  develop  an  impact  UPE  system  that 
will  hopefully  penetrate  tens  of  feet  into  large  Corps  of  Engineers  structures 
such  as  locks  and  dams.  The  following  steps  are  recommended  as  one  approach 
to  UPE  development  by  impact. 

a.  A  large  concrete  structure  (physical  model  having  a  thickness 
of  tens  of  feet  with  large  lateral  dimensions  to  reduce 
reflections  from  the  sides  of  the  structure)  should  be  found  or 
built  to  use  for  testing.  The  first  model  should  contain  no 
steel  or  foreign  objects  to  interfere  with  the  signals. 

b.  A  variety  of  impact  hammers  should  be  tested  having  short  pulse 
durations  with  high- force  levels.  The  rebound  hammer  should  be 
modified  to  obtain  a  variety  of  signal  characteristics  from  the 
load-pulse.  A  BB  gun  should  be  tested  for  firing  high-velocity 
steel  projectiles. 

c.  Various  undamped  transducers  should  be  tested  at  the  different 
harmonics  of  the  fundamental  and  slightly  damped  with 
tungsten/epoxy,  if  necessary.  Bandwidth  curves  should  be 
measured  to  determine  the  effect  of  the  damping. 

d.  The  total  signal  should  be  captured,  if  possible,  without 
prefiltering  until  the  signals  can  be  treated  using  a  suitable 
signal  processing  software  package.  A  waveform  recorder  should 
be  used  that  can  store  as  many  bits  as  possible  but  not  less 
than  16  bits  due  to  the  large  dynamic  range  of  signals  and 
noise.  It  may  be  necessary  to  find  signals  that  are  80  to 

100  db  below  the  level  of  the  noise. 

e.  An  automatic  processing  system  should  be  developed  that  can 
search  for  weak  but  definite  echoes  in  the  complicated  signals. 
The  system  should  be  capable  of  automatically  adjusting  to  set 
the  correct  center  frequency,  bandwidth,  and  amplification  for 
display. 

f.  The  automatic  filter  system  should  be  installed  into  a  real¬ 
time  DSP  chip  that  will  permit  instant  results  in  the  field. 
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